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During development, axon guidance receptors (AGRs) guide axons to their appropriate targets to form
specific connections and establish functional neural circuits. AGRs are expressed on the cell surface in
precise spatial and temporal patterns where they induce turning in axons by modulating the underlying
actin cytoskeleton. However, the intracellular trafficking pathways that regulate AGR expression and the
downstream effectors that serve to link AGRs to the cytoskeleton are still being elucidated. In Chapter 1,
we provide new insights into the regulatory mechanisms and intracellular signaling pathways of AGRs
that can diversify signaling outputs. In Chapters 2 and 5, we present data identifying the Wave regulatory
complex (WRC) as a direct downstream effector of the AGRs Roundabout (Robo) and Frazzled (Fra). The
WRC is a nucleation-promoting factor that drives Arp2/3-mediated branched actin polymerization. The
WRC binds to a WRC-interacting receptor sequence (WIRS) in the cytoplasmic tails of Robo and Fra, and
can serve as a direct link to the actin cytoskeleton. The WIRS-WRC interaction is important for both
Robo’s and Fra’s function in the Drosophila nerve cord and also for vertebrate Robo1 and Dcc signaling.
We thus demonstrate an essential and conserved role for the WIRS-WRC interaction in AGR signaling. In
Chapters 3 and 4, we characterize the Ndfip-Nedd4 ubiquitin ligase pathway as a key mechanism for
regulating Robo1 expression levels in the mammalian spinal cord. In Drosophila, the endosomal sorting
receptor Commissureless (Comm) serves to downregulate Robo1 levels on commissural axons during
midline crossing. As Comm is not conserved in vertebrates, the mechanism controlling Robo1 expression
in the mammalian spinal cord is unknown. We show that Ndfip proteins recruit Nedd4 E3 ligases to
promote the ubiquitylation and subsequent degradation of Robo1 receptors. Ndfip and Nedd4 proteins
are expressed in the developing spinal cord and Ndfip and Nedd4 knockout mice show a significant
reduction in midline crossing. In addition, loss of Ndfip proteins leads to the upregulation of Robo1
expression in pre-crossing commissural axons. We thus identify a long-sought mechanism that functions
analogously to Drosophila Comm to regulate mammalian Robo1 and prevent premature Slit response
during midline crossing. In Chapter 6, I explore the implications of these findings and discuss future
research avenues.

Degree Type
Dissertation

Degree Name
Doctor of Philosophy (PhD)

Graduate Group
Cell & Molecular Biology

First Advisor
Greg J. Bashaw

Keywords
Axon guidance, Midline, Repulsion, Robo, Slit, Wave regulatory complex

Subject Categories
Cell Biology | Developmental Biology | Neuroscience and Neurobiology
This dissertation is available at ScholarlyCommons: https://repository.upenn.edu/edissertations/5283

MECHANISMS OF AXON GUIDANCE RECEPTOR REGULATION AND SIGNALING DURING
MIDLINE CROSSING
Karina Chaudhari
A DISSERTATION
in
Cell and Molecular Biology
Presented to the Faculties of the University of Pennsylvania
in
Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy
2021
Supervisor of Dissertation
______________________________
Greg J. Bashaw, Ph.D., Professor of Neuroscience

Graduate Group Chairperson
______________________________
Daniel Kessler, Ph.D., Associate Professor of Cell and Developmental Biology

Dissertation Committee
Sandra Lynn Maday, Ph.D., Assistant Professor of Neuroscience
Stephen DiNardo, Ph.D., Professor of Cell and Developmental Biology
Wenqin Luo, M.D., Ph.D., Associate Professor of Neuroscience
Roberto Dominguez, Ph.D., Professor of Physiology

ACKNOWLEDGEMENTS
I would like to thank the members of the Bashaw Lab, past and present, for their
constant support and encouragement throughout the years. This work would not have been
possible without your collective brainstorming and tireless contributions to
troubleshooting. I am especially grateful to my incredible mentor, Dr. Greg Bashaw, for
being my biggest advocate over the last six years. Thank you for giving me the freedom to
explore my scientific curiosity and for always pushing me to achieve greater things. Your
unwavering support and reassurance have carried me through the low points and inspired
me to press on. With every conversation with you, I leave more confident in myself and my
abilities. Your mentorship is something I have held most dearly here, and I will keep
returning for your guidance for many years to come.
I thank Dr. Madhavi Gorla and Yixin Zang for their invaluable teachings and
generosity. It has been a true joy to work with you. A special thank you to Madhavi, who
started mentoring me from my first day in lab and hasn’t stopped since; who taught me
most of the techniques that I used in this work and whose scientific encouragement and
morale got me through my most disheartening experiments. I thank Samantha Russell for
always being there to proffer advice and for inspiring me to be a more thoughtful scientist.
I’m grateful to Dr. Kate Laws for her insightful comments and generous feedback on all my
scientific writings; I’m a better writer for it.
Thank you to my wonderful thesis committee, Drs. Sandra Maday, Stephen DiNardo,
Wenqin Luo and Roberto Dominguez for being a continuous source of support and for all
your invaluable advice and mentorship. Thank you for asking the critical questions that

ii

encouraged me to engage more deeply with my research. A special thanks to an incredible
faculty mentor, Dr. Jonathan Raper, for his insight, guidance, and positive reinforcement. I
am also grateful to my mentors from before graduate school: Dr. Nandita Mangalore for
sharing her passion for science with me and setting me down this incredible path; Drs.
Vidita Vaidya, Ankit Sood and Sthitapranjya Pati for the most stimulating scientific
discussions and for teaching me everything I know about benchwork.
I would also like to thank our business administrators, Christine Zay and Kareem
Abdullah, and our lab support staff, Phyllis and Fred, for keeping our lab running so
smoothly. I’m grateful to the members of my graduate group and the CAMB coordinators,
especially Kathy O’Connor-Cooley, who has been instrumental in creating a seamless
graduate school experience for me. Thank you for all that you do.
Finally, thank you to my friends and family. To my best friend, Sherna, for being by
my side through every milestone. To my extended family: Gogi Bua, in memory since 2018,
Tauji, Lata Tai, Madhu Aunty and Jakes Uncle for being my constant cheerleaders. It means
more to me than I can say. To my brother and sister-in-law for being my continuous source
of laughter and optimism. Thank you for always providing distractions when they were
most needed. To my fiancée, Srishti, who has been my rock and sounding board for the last
six years and more. I’m so grateful for your patience, kindness and humor. Thank you a
million times for making me better every day. To my parents, who have supported me
unconditionally in everything I have done and provided me with every opportunity I could
ever want. Thank you for your endless love and encouragement, and for showing me the
value of perseverance and hard work. You are the reason I succeed, and I am so fortunate to
have you.

iii

ABSTRACT
MECHANISMS OF AXON GUIDANCE RECEPTOR REGULATION AND SIGNALING DURING
MIDLINE CROSSING
Karina Chaudhari
Greg J. Bashaw
During development, axon guidance receptors (AGRs) guide axons to their
appropriate targets to form specific connections and establish functional neural circuits.
AGRs are expressed on the cell surface in precise spatial and temporal patterns where they
induce turning in axons by modulating the underlying actin cytoskeleton. However, the
intracellular trafficking pathways that regulate AGR expression and the downstream
effectors that serve to link AGRs to the cytoskeleton are still being elucidated. In Chapter 1,
we provide new insights into the regulatory mechanisms and intracellular signaling
pathways of AGRs that can diversify signaling outputs. In Chapters 2 and 5, we present data
identifying the Wave regulatory complex (WRC) as a direct downstream effector of the
AGRs Roundabout (Robo) and Frazzled (Fra). The WRC is a nucleation-promoting factor
that drives Arp2/3-mediated branched actin polymerization. The WRC binds to a WRCinteracting receptor sequence (WIRS) in the cytoplasmic tails of Robo and Fra, and can
serve as a direct link to the actin cytoskeleton. The WIRS-WRC interaction is important for
both Robo’s and Fra’s function in the Drosophila nerve cord and also for vertebrate Robo1
and Dcc signaling. We thus demonstrate an essential and conserved role for the WIRS-WRC
interaction in AGR signaling. In Chapters 3 and 4, we characterize the Ndfip-Nedd4
ubiquitin ligase pathway as a key mechanism for regulating Robo1 expression levels in the
mammalian spinal cord. In Drosophila, the endosomal sorting receptor Commissureless
(Comm) serves to downregulate Robo1 levels on commissural axons during midline
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crossing. As Comm is not conserved in vertebrates, the mechanism controlling Robo1
expression in the mammalian spinal cord is unknown. We show that Ndfip proteins recruit
Nedd4 E3 ligases to promote the ubiquitylation and subsequent degradation of Robo1
receptors. Ndfip and Nedd4 proteins are expressed in the developing spinal cord and Ndfip
and Nedd4 knockout mice show a significant reduction in midline crossing. In addition, loss
of Ndfip proteins leads to the upregulation of Robo1 expression in pre-crossing
commissural axons. We thus identify a long-sought mechanism that functions analogously
to Drosophila Comm to regulate mammalian Robo1 and prevent premature Slit response
during midline crossing. In Chapter 6, I explore the implications of these findings and
discuss future research avenues.
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CHAPTER 1
INTRODUCTION: MOLECULAR MECHANISMS OF AXON GUIDANCE
RECEPTOR REGULATION AND SIGNALING
This chapter was published in the following article:
Zang, Y.†, Chaudhari, K.†, & Bashaw, G. J. (2021). New insights into the molecular
mechanisms of axon guidance receptor regulation and signaling. Current topics in
developmental biology, 142, 147–196. https://doi.org/10.1016/bs.ctdb.2020.11.008
† These authors contributed equally to this work.

As the nervous system develops, newly differentiated neurons need to extend their
axons towards their synaptic targets to form functional neural circuits. During this highly
dynamic process of axon pathfinding, guidance receptors expressed at the tip of the motile
axons interact with soluble guidance cues or membrane tethered molecules present in the
environment to be either attracted towards or repelled away from the source of these cues.
As competing cues are often present at the same location and during the same
developmental period, guidance receptors need to be both spatially and temporally
regulated in order for the navigating axons to make appropriate guidance decisions. This
regulation is exerted by a diverse array of molecular mechanisms that have come into focus
over the past several decades and these mechanisms ensure that the correct array of
surface receptors is present on the growth cone, a fan-shaped expansion at the tip of the
axon. This dynamic, highly motile structure is defined by a lamellipodial network lining the
periphery of the growth cone interspersed with finger-like filopodial projections that serve
to explore the surrounding environment. Once axon guidance receptors are deployed at the
right place and time at the growth cone surface, they respond to their respective ligands by
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initiating a complex set of signaling events that serve to rearrange the growth cone
membrane and the actin and microtubule cytoskeleton to affect axon growth and guidance.
In this review, we highlight recent advances that shed light on the rich complexity of
mechanisms that regulate axon guidance receptor distribution, activation and downstream
signaling.
Introduction
More than 100 years ago, Ramon Y Cajal described the swellings at the tips of axons,
which he named “growth cones” (Cajal, 1890). Based on observations of these structures in
preparations of developing chick spinal cords, Cajal predicted that during development,
growth cones would be dynamic and could respond to chemical cues released in the
embryonic environment to be guided to the correct targets (Cajal, 1890). It wasn’t until
nearly a century later that conserved families of secreted and membrane-anchored cues and
their neuronal receptors began to be identified (Tessier-Lavigne and Goodman, 1996).
Initially, four major families of ligand receptor pairs were shown to influence axon growth
and guidance in various contexts, including netrins and their Deleted in Colorectal Cancer
(Dcc), neogenin and Uncoordinated-5 (Unc5) receptors (Kennedy, 2000), slits and their
roundabout (Robo) receptors (Brose and Tessier-Lavigne, 2000), semaphorins and their
plexin and neuropilin receptors (Pasterkamp and Kolodkin, 2003), and ephrins and their
Eph receptors (Kullander and Klein, 2002; Figure 1.1). The secreted and membraneanchored cues were originally grouped into four rough categories, acting as attractants or
repellents, at either short or long-range (Tessier-Lavigne and Goodman, 1996); however,
these distinctions have blurred over the years, since it is now clear that many of these cues
can trigger diverse and sometimes even opposite axon responses, depending on the
receptor composition and intracellular properties of the responding growth cones (Bashaw
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and Klein, 2010). Nevertheless, in the majority of in vivo settings, slit-Robo, Sema-plexin and
ephrin-Eph signaling result in axon repulsion, while netrin promotes attraction through its
Dcc and neogenin receptors, and repulsion through its Unc5 family receptors. Additionally,
it is now clear that many other families of ligand and receptors, including morphogens
(BMP, Sonic Hedgehog, and Wnt), growth factors (VegF and Fgf) and their corresponding
receptors also act to regulate axon guidance (Bashaw and Klein, 2010; Chedotal, 2019;
Stoeckli, 2018).
In the first part of this review, we focus on regulatory mechanisms including
receptor-receptor interactions and proteolytic processing where recent studies have shed
light on how these mechanisms can diversify signaling outputs. Additionally, we discuss in
detail the major advances that structural biological approaches have brought to our
understanding of the diverse conformational landscape of surface receptor assemblies, and
how in turn, this knowledge is driving insight into receptor activation mechanisms. In the
second half of the chapter, we turn our attention toward intracellular signaling mechanisms,
with a particular focus on advances in understanding the spatial and temporal control of
signaling events. In addition to discussing how guidance receptors impinge on actin and
microtubule regulatory proteins, we also describe new insights into the role of endosomes
as signaling hubs in axon guidance. Lastly, we discuss new technologies that have been
developed to allow investigators to probe spatial and temporal regulation and signaling in
axon guidance at even greater resolution.
Mechanisms of axon guidance receptor regulation
Axon guidance receptors can be regulated at multiple levels, including at the
transcriptional, the translational and post-translational/protein levels to ensure the right
complement of receptors are deployed at the right time and place. For example, the netrin
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receptor Dcc (Leggere et al., 2016; Saito et al., 2016) , and all three of the Robo receptors for
slit (Chen et al., 2008; Johnson et al., 2019; Zhuang et al., 2019) are alternatively spliced to
produce receptor isoforms that may have distinct activities. In addition, microRNA and RNA
binding proteins modulate the translation of guidance receptors, including Robo1, ephrinB1 and neuropilin 1 (Nrp1) to control their availability (Arvanitis et al., 2010; Hornberg et
al., 2016; Yang et al., 2018). Post-translational modifications also play key roles in
regulating the surface distribution of receptors. For example, differential regulation of Robo
receptor trafficking at the growth cone at low levels before and high levels after midline
crossing precisely times axonal responses to slit to ensure the correct formation of midline
circuits (Alther et al., 2016; Gorla et al., 2019; Kinoshita-Kawada et al., 2019). In another
example, glycosylation of the Wnt receptor Frizzled3 regulates its trafficking to the growth
cone surface, which mediates the anterior turning of post-crossing commissural axons at
the floor plate in the developing mouse spinal cord (Onishi and Zou, 2017). These
mechanisms of regulated receptor splicing, translation and trafficking to control axon
responsiveness during guidance have recently been reviewed in detail (Gorla and Bashaw,
2020). In this section of the review, we instead focus on the regulation of axon guidance
receptors at the post-translational/protein level, paying particular attention to the ways
these intricate regulatory events impinge on the activation and downstream signaling
pathways of axon guidance receptors.
Receptor-coreceptor and receptor-receptor interactions
The disparity between the relatively small number of guidance receptor-ligand pairs
available and the overwhelming complexity of connections in the mature nervous system
creates a major developmental challenge. One mechanism that has emerged to solve this
dilemma is to employ coreceptors, which are transmembrane or membrane-anchored
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proteins that directly bind to guidance receptors, but not their ligands, to modulate and
diversify receptor outputs (Figure 1.2). Additionally, receptors with distinct ligands can
interact with each other to modify and modulate signaling activity. Binding to coreceptors
or other receptors can induce additional downstream signaling events or activate the same
effectors but at different levels, to adjust guidance receptors’ responses to extracellular
stimuli in a context-specific way. Such accurate spatial-temporal control of guidance events
is paramount for the proper assembly of neural circuits.
Some coreceptors strengthen the signaling outputs of the guidance receptors with
which they interact. For example, Leucine rich repeats and immunoglobulin like domains 2
(Lrig2) binds to neogenin in the developing mouse brain (Figure 1.2A). Lrig2 is required for
repulsive guidance molecule a (RGMa) induced growth cone collapse by blocking premature
proteolytic processing of neogenin to maintain neogenin surface levels (van Erp et al.,
2015). Binding of the RGMa induces dissociation of the Lrig2- neogenin complex, suggesting
that ligand binding can regulate receptor-coreceptor interactions. Lrig2-dependent
regulation of neogenin signaling controls cortical neuron migration and optic nerve
regeneration, yet its significance in neogenin directed axon guidance in development
remains to be seen.
Guidance receptors and their coreceptors can also undergo rapid and local
phosphorylation or dephosphorylation, to allow for precise regulation and integration of
guidance receptor signaling. In vertebrates, the divergent Robo3 receptor is essential for
commissural axons to cross the midline. In Robo3 knockout (KO) mouse embryos, dorsal
commissural axons in the developing spinal cord display a complete failure of midline
crossing, and initial explant culture and genetic analysis suggested that Robo3 promotes
midline crossing by antagonizing Robo1-Robo2-slit mediated repulsion (Friocourt and
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Chedotal, 2017; Sabatier et al., 2004). Interestingly, Robo3’s ability to inhibit repulsion is
not, contrary to the initial models, due to competitive binding of slit, because mammalian
Robo3 binds to slit2 with orders of magnitude lower affinity compared to Robo1 (Zelina et
al., 2014). Moreover, Robo3/slit1/slit2 triple KO and Robo1/2/3 triple KO only partially
rescue the Robo3-dependent loss of midline crossing, indicating that Robo3 likely functions
in additional pathways independently of Robo1 and 2 to promote midline crossing
(Jaworski et al., 2010; Sabatier et al., 2004). Indeed, the Robo3 receptor forms a complex
with Dcc to potentiate netrin-Dcc signaling, which requires tyrosine-phosphorylation of
Robo3 in its conserved intracellular CC0 domain by Src-family kinases upon netrin1
stimulation (Zelina et al., 2014). Robo3 mutants show migratory defects in precerebellar
neurons, which can only be rescued by full-length Robo3 but not by Robo3 variants that
cannot bind to Dcc or be tyrosine phosphorylated. This observation demonstrates the
functional significance of Robo3 as a Dcc coreceptor; however, how netrin1 stimulation
triggers Robo3 phosphorylation and what signaling machineries are assembled
downstream remain unknown. Robo3 KO spinal cord explants also show significantly
decreased axon outgrowth in response to bath application of netrin1 (Zelina et al., 2014).
While this suggests that Robo3’s ability to potentiate netrin1 signaling is important for axon
outgrowth, whether Robo3 is also responsible for axon turning and axon guidance in this
context has not been investigated.
Down syndrome cell adhesion molecule (DSCAM) is best known for its role in
controlling dendritic self-avoidance through homophilic interactions mediated by a
remarkable pool of diverse splice variants (Sachse et al., 2019). More recently another mode
of action for Dscam has emerged from studies of Drosophila mechanosensory neurons
(MSNs), where dephosphorylation of Dscam1 by the Receptor protein tyrosine phosphatase
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69D (RPTP69D) is required cell-autonomously for the consolidation and extension of axon
collaterals (Dascenco et al., 2015). Interestingly, RPTP69D’s ability to interact with and
regulate Dscam1’s function is enhanced upon slit binding to Dscam1. Here slit might
function independently of Robo, as Robo1 or Robo2 null mutants show no defect in MSNs
axon collateral formation, although it remains possible that Robo1 and 2 might function
redundantly. In addition, RPTP69D acts as a coreceptor for Robo3 to enhance its repulsive
function by increasing Robo3 surface levels in Drosophila mushroom body small lateral
neurons (Oliva et al., 2016). Interestingly, RPTP69D interacts with Robo3 in a
dephosphorylation-independent pathway, which suggests that RPTPs have two distinct
modes of function in brain development, acting as either phosphatases or coreceptors for
different guidance receptors.
Instead of enhancing or inhibiting the function of guidance receptors, some
coreceptors introduce novel functional outputs by switching responses to guidance cues.
For example, Nrp1, the coreceptor for plexin D1, acts as a molecular gate to switch
semaphorin 3E (Sema3E)-mediated repulsion to growth promotion in the subiculomammillary axons in descending forebrain axon tracts in mice (Chauvet et al., 2007). Nrp1
promotes growth by recruiting and inducing the phosphorylation of another
transmembrane receptor, vascular endothelial growth factor receptor type 2 (VEGFR2),
leading to the activation of the phosphatidylinositol-3 kinase (PI3K) pathway downstream
of VEGFR2 (Bellon et al., 2010). Similarly, in the mouse visual system, Ng-CAM-related cell
adhesion molecule (Nr-CAM) forms a complex with plexin A1 that shifts the Sema6D
response from repulsion to attraction in the contralateral projecting RGCs to facilitate
chiasm crossing (Kuwajima et al., 2012). Unexpectedly, the chiasm cells and the
contralateral projecting RGCs both express plexin A1 and Nr-CAM, and their expression in
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both cell types is important for switching the repulsive response of Sema6D. Finally, in the
developing mouse spinal cord, amyloid precursor protein (APP) can interact with Dcc to
enhance the activation and phosphorylation of extracellular-regulated kinase 1/2
(ERK1/2), which are known Dcc effectors that mediate netrin-induced axon growth and
turning (Rama et al., 2012). Biochemical experiments using rat neuroblastoma cell lysates
overexpressing APP and Dcc indicates that APP might also inhibit g-secretase cleavage of
Dcc, a step essential for the transcriptional function of the Drosophila Dcc homologue
Frazzled (Fra; (Neuhaus-Follini and Bashaw, 2015). Although yet to be tested in vivo, this
observation raises the intriguing possibility that in some commissural neurons, APP could
switch the Dcc response from the transcriptional regulation of target genes to the canonical
Netrin-dependent regulation of the cytoskeleton.
Most studies to date only focus on the function of one ligand-receptor pair in a given
guidance scenario. However, during normal development, most projecting axons encounter
many different extracellular stimuli simultaneously at guidance choice points. To help
navigating axons resolve and integrate the multitude of extracellular information, some
receptors act as coincidence-detectors to elicit synergistic effects from two or more
guidance signals, resulting in significantly elevated growth cone responses that are distinct
from simple additive effects of two parallel events (for a review on the interaction between
different types of axon guidance pathways, see Morales and Kania, 2017). Such coincidencedetection reduces targeting errors, increases fidelity, and also significantly reinforces
correct guidance decisions. This is perhaps best illustrated in motor axon targeting in the
vertebrate limb. During development, motor axons projecting from the medial and lateral
regions of the spinal cord lateral motor column (LMC) bifurcate at the base of the limb bud
to form ventral and dorsal limb nerves, respectively (Figure 1.2C1). The RTK Ret acts as a
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coreceptor for both GFRa1, the receptor for glial-derived neurotrophin factor (GDNF), and
ephrin-A5, the reverse signaling receptor for EphA4, and Ret is essential for the targeting of
lateral LMC axons in vivo (Bonanomi et al., 2012). In growth cone turning assays, costimulation with low levels of both GDNF and EphA4 can promote turning, whereas low
levels of either GDNF or EphA4 alone produce no response. GDNF stimulation can recruit
Ret to lipid rafts, suggesting that GDNF-GFRa1 signaling potentiates ephrin-A5 reverse
signaling by bringing the co-receptor Ret within close proximity to the GPI-anchored
ephrin-A5. Furthermore, in stripe assays, ephrin-A5 application sensitizes netrin responses
in chick LMC explants by enhancing the protein levels of both its repulsive receptor EphA4
and the netrin receptor neogenin, suggesting a mechanism where a repulsive guidance cue
potentiates the responses of an attractive guidance cue (Croteau et al., 2019). The
intracellular domain of EphA4 is dispensable for this function, yet it remains to be seen if
the extracellular domains or transmembrane domains of EphA4 can directly bind to
neogenin or if EphA4 indirectly increases neogenin levels. In medial LMC axons, costimulation of both netrin1 and ephrin-B2 can induce complex formation between their
respective receptors (Unc5c and EphB2) and amplify repulsion through greater and
prolonged activation of their common downstream effector Src kinase (Poliak et al., 2015).
However, Src inhibition only partially blocks this growth cone collapse evoked by
simultaneous netrin1 and ephrin-B2 application, indicating that additional unknown
mechanisms exist to synergize Unc5c and EphB2 signaling. Further illustrating the point, in
rostral thalamocortical axons, simultaneous detection of slit1 and netrin1 activates
attraction via synergistic action of Robo1, its coreceptor fibronectin leucine rich
transmembrane protein 3 (FLRT3) and the netrin receptor Dcc (Leyva-Diaz et al., 2014;
Figure 1.2C4). FLRT3 forms a complex with Robo1 and transduces slit1 and netrin1 co-
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stimulation into an increase in Dcc surface levels, likely by promoting PKA-dependent
mobilization of intracellular pools of Dcc.
The control of guidance receptor signaling by direct binding to coreceptors provides
an exciting model for how developing neurons expand the functional outputs of guidance
receptors. These recent studies demonstrate that besides recruiting additional intracellular
effectors (Figure 1.2B, C3, C4), coreceptors can also modulate the proteolytic processing
(Figure 1.2A, B2) and the localization (Figure 1.2C2) of guidance receptors. Being
transmembrane or GPI-anchored affords coreceptors regulatory capacity on both sides of
the plasma membrane, so that coreceptors are uniquely poised to regulate guidance
receptor signaling in a context dependent manner.
Structural insights into axon guidance receptor signaling: dimerization, oligomerization and
clustering
Receptor activation entails far more than a one-to-one binding between a receptor
and a ligand, but instead often calls for the recruitment of other receptor molecules to form
complexes or clusters. In the last decade, integrated structural studies that offer
crystallographic analysis coupled with cell-based or in vivo functional assays, have provided
valuable insights into the 3D organizations of receptor complexes and how these structural
features modulate guidance receptor activation and function. Here, we focus on four
prominent families of axon guidance receptors, the plexins, Robos, Ephs and netrin
receptors Dcc/neogenin/Unc5, as examples to describe how clustering and the
oligomerization state of guidance receptors at the surface of the cell plays a pivotal role in
relaying information across the membrane.
Plexins form autoinhibitory cis-homodimers to prevent premature activation in the
absence of semaphorin binding. Crystal structures of the Sema-binding regions of plexin B1,

10

A2 and C1 in complex with their respective ligands Sema4D, 6A, and 7A show essentially
identical domain architectures in which a Sema dimer binds to two plexin molecules
(Janssen et al., 2010; Liu et al., 2010; Nogi et al., 2010). The formation of this semaphorinplexin interface is essential for plexin-mediated membrane collapse in COS-7 cells and
growth cone collapse in chick dorsal root ganglion neurons. PlexA1, A2 and A4 form
autoinhibitory homodimers in “closed” ring-like structures, which are mediated by the
intermolecular interface between the Sema domain located at the tip of one plexin A “ring”
and the ECD 4 and 5 situated at the “stalk” of another plexin A receptor (Kong et al., 2016;
Marita et al., 2015). This structure remained undetected until the crystal structures of the
entire extracellular domains (ECDs) of plexin As were determined, underscoring the idea
that structural data involving fragments of molecules should be interpreted with caution.
Disrupting this plexin A-plexin A interaction in the absence of exogenous Sema stimulation,
induces membrane collapse in COS-7 cells and dentate gyrus granule cell growth cones.
Conversely, preserving this interaction eliminates collapse, supporting a model where
plexin As are normally autoinhibited by cis-homodimerization (Kong et al., 2016). The
amino acid residues at this interface are only highly conserved among vertebrate plexin As,
but it remains possible that other classes of plexins employ similar autoinhibitory cisinteractions via alternative interfaces. In addition to preventing inappropriate activation of
receptors, the pre-signaling association between two plexin As could potentially serve to
position receptors within close proximity to each other to prepare for rapid and precise
responses upon ligand binding.
The Robo receptor, on the other hand, autoinhibits its dimerization and
downstream signaling by engaging in a compact “closed” conformation (Figure 1.3B). The
Ig4 domain in both Robo1 and 2 mediates receptor dimerization and is required for the
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Robo2 overexpression-induced membrane collapse phenotype in COS-7 cells (Aleksandrova
et al., 2018; Yom-Tov et al., 2017). Crystal structures of the intact Robo2 ECD uncovered a
“closed” hairpin-like conformation which blocks access to the Ig4 homodimerization
interface (Barak et al., 2019). Additionally, it is also revealed that the Ig5 domain of Robo2
interacts with its Ig1 and 2 domains in trans, potentially mediating trans-inhibition via
stabilizing the “closed” conformation of an opposing Robo2 receptor (Figure 1.3B). These
observations support a model in which slit2 binding to the Ig1 domain of Robo2 relieves
trans-inhibition and shifts Robo2’s conformation from “closed” to “open” to facilitate Robo2
homodimerization and signaling. This model is inferred by crystallographic analysis of
superimposed slit-binding and trans-interacting Robo2 interfaces and has not been
confirmed by co-crystals of Robo2 and slit2. An inhibitory trans-interaction between Robo
receptors has also been observed in Drosophila, where Robo2 expressed on midline cells
can bind to Robo1 expressed on crossing commissural axons to inhibit slit-mediated
repulsion (Evans et al., 2015). However, whether the formation of this heterodimer also
relies on the same Ig5-Ig1/2 binding interface remains unclear. While Drosophila Robo2
shares similarities with both vertebrate Robo1 and 2, equivalent trans-homo or -hetero
dimers of Robo receptors have not been identified in vertebrates. The ECD of the divergent
vertebrate Robo3 receptor, which has identical domain structure with that of Robo1 and 2,
assumes a fully extended “open” conformation and exists exclusively in monomeric state in
the absence of ligand binding (Pak et al., 2020). Robo3 interacts with its ligand NELL2 via its
FN1 domain. Exchanging the FN1 domain of Robo1 with that of Robo3 converts the
predominantly dimeric Robo1, typically in a more compressed conformation, into a strictly
monomeric molecule with an elongated “open” shape, indicating that the FN1 domains of
Robos determine both their oligomerization and conformational characteristics. Future
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analysis that identifies the functionally relevant residues and interfaces within the FN1
domain of Robo3, that are not conserved in Robo 1 and 2, will provide important
information on how different Robo receptors are regulated.
Different Eph receptors form disparate assemblies at the membrane to instigate
distinct signaling pathways. Crystal structures suggest that full length EphA2 ECDs, either
alone or in complex with the receptor binding domain of ephrin-A5 or -A1, could cluster to
form a highly ordered oligomer that exists as a continuous array on the membrane
(Himanen et al., 2010; Seiradake et al., 2010). Restricting lateral movement of EphA2 using
a physical barrier eliminates the formation of EphA2 arrays and blocks the cellular
responses to ephrin-A1, as indicated by the decreased recruitment of signaling effectors and
altered cytoskeletal morphology (Salaita et al., 2010). Thus, the ephrin-induced array-like
arrangement of EphA2 is functionally important for signal propagation. However, large
signaling arrays are not detected for all Ephs. EphA4 and EphB2, which mediate repulsion
instead of cell-adhesion like EphA2, form smaller clusters such as dimers or trimers
(Schaupp et al., 2014; Seiradake et al., 2013). It is currently unclear what mechanisms
prevent the lateral expansion of these small multimers. One possibility is that the
coalescence of small EphB2 oligomers into larger assemblies could terminate signaling,
likely through accelerating endocytosis of large receptor aggregates (Ojosnegros et al.,
2017).
Finally, netrin can employ distinct interfaces to form unique signaling complexes
with different netrin receptors, and the composition of those complexes can determine the
signaling outputs to be either attraction or repulsion. Several recent studies revealed three
potential receptor binding sites on netrin1. First, crystal structures suggest that the EGF-1
and -2 domains of netrin1, when binding to the fibronectin type III (FN) 5 and 6 domains of
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Dcc, are required for chemoattractive multimerization of Dcc (Figure 1.3D). Importantly,
when the same binding site on netrin1 is occupied instead by Unc5A, the netrin response is
switched from attraction to repulsion, as demonstrated in mouse spinal cord neurons (Finci
et al., 2014). It is important to note that the netrin-Unc5 interaction still awaits structural
characterization. Secondly, the interaction between the EGF-3 domain of netrin1 and the
FN5 domain of the receptor is shared among Dcc and neogenin 1 (Neo1; (Finci et al., 2014;
Xu et al., 2014). This binding interface is required for Dcc-mediated attraction, but its
functional significance in Neo1 has not been demonstrated. Additionally, the novel Dcc
ligand Draxin can also bind to netrin1 in the same region on EGF-3 as Dcc, with even higher
affinity (Gao et al., 2015; Liu et al., 2018). This suggests that Draxin could function by
connecting Dcc-bound netrin1 to an opposing Dcc receptor, to facilitate contact-dependent
axon fasciculation (Liu et al., 2018). Lastly, the N-terminal laminin-like domain of netrin1
can bind to the FN4 domain of both Dcc and Neo1, yet may lead to the differential formation
of either a continuous netrin1-Dcc assembly or a 2:2 netrin1-Neo1 tetramer, due to
differences in the linker length connecting the FN4 and 5 domains of the receptors (Xu et al.,
2014). The double mutant phenotype in the developing mouse spinal cord suggests that
Neo1 and Dcc collaborate to mediate netrin1-dependent attraction in commissural axons.
Whether and how differences in the structure of Dcc and Neo1 signaling complexes
determine their relative contribution to midline crossing have not yet been explored.
Despite significant recent progress, our understanding of the structural
characteristics of guidance receptor complexes is still largely incomplete. Indeed, continued
progress is hindered by the challenge of crystalizing full-length transmembrane receptors,
which are more likely to represent their native membrane-bound conformations than
fragments of the receptors. Nevertheless, structures of the receptor ECD fragments in
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complex with their ligands have shed some light on the 3D organization of receptor
signaling assemblies and suggest potential mechanisms to explain unique features of each
axon guidance pathway. However, it has been difficult to test the significance of these
assemblies in vivo due to a lack of genetic manipulation tools in vertebrates. Fortunately,
the development of widely applicable new techniques for genome editing, such as the
CRISPR/Cas-9 system, will enable investigators to test the functions of receptor assembly
interfaces in relevant physiological contexts in the future.
Proteolytic processing of guidance receptors
Proteolytic processing controls the levels and functions of axon guidance receptors
and is increasingly appreciated as one of the main mechanisms that regulates and
diversifies their signaling outputs. Receptor cleavage can either downregulate surface levels
of full-length receptors to terminate their signaling, or generate various receptor fragments
that are active signaling molecules, or achieve both at the same time (Figure 1.4). These
receptor fragments can localize to different extracellular and intracellular spaces to initiate
downstream pathways that are often distinct from the ones mediated by full-length
receptors. As such, the contributing proteases act as molecular switches to change the
neuron’s responses to guidance cues. In this section of the review, we will focus on
deciphering the involvement of proteases (often referred to as “sheddases”), which release
receptor ECDs into extracellular space, and the intramembrane protease 𝛾-secretase, which
cleaves within the transmembrane domain to generate soluble receptor ICDs. It is
important to note that in addition to functioning separately, sheddases and 𝛾-secretase
often target the same receptors in sequential cleavages, and in many cases are coupled with
transcriptional activities of the receptor ICDs.
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The β-site amyloid precursor protein cleaving enzyme 1 (BACE1), sometimes
referred to as β-secretase, is best known for its central role in the proteolytic processing of
APP (Lichtenthaler et al., 2018; Saftig and Bovolenta, 2015). BACE1, together with 𝛾secretase, cleaves APP to produce the pathogenic Aβ peptide, which forms the amyloid
plaques that are pivotal in the pathogenesis of Alzheimer’s disease. In addition to APP,
BACE1 also cleaves the neural cell adhesion molecule close homolog of L1 (CHL1), which
functions downstream of the Nrp1-plexin A receptor complex (Barao et al., 2015). In mouse
embryonic thalamic neurons, BACE1 mediates Sema3A-induced growth cone collapse
specifically via the membrane-tethered C-terminal fragment generated by BACE1
(CHL1CTFβ; Figure 1.4B1). CHL1CTFβ recruits downstream effectors that can directly
regulate actin polymerization in growth cone filopodia. Intriguingly, signaling is also
terminated by proteolysis, when 𝛾-secretase cleaves the CHL1 ICD containing the effector
binding domain. How do neurons prevent premature 𝛾-secretase cleavage of CHL1? The
answer might lie in the differential subcellular localization of BACE1 (active in the transGolgi network and endosomes) and 𝛾-secretase (active in endosomes and at the plasma
membrane; (Lichtenthaler et al., 2018). Aside from APP and CHL1, however, very few
BACE1 substrates have been described, and even less is known about the functional
significance of most BACE1-mediated cleavages. Candidate BACE1 substrates correspond to
19% of the neuronal proteins that are targeted by sheddases, as identified in a mass
spectrometry-based screen, making BACE1 one of the major sheddases in mouse embryonic
neurons (Kuhn et al., 2012).
ADAMs (a disintegrin and metalloproteases) are another family of transmembrane
proteases. ADAMs are highly expressed in the developing nervous system with distinct
spatial and temporal profiles, which suggests that they may have diverse roles in
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neurodevelopment (Hsia et al., 2019). ADAMs share a common domain structure consisting
of the autoinhibitory pro-domain, the catalytic metalloprotease domain, the disintegrin
domain, the cysteine-rich region, the EGF-like repeat domain (that is absent in ADAM10 and
17), the transmembrane domain and a shorter, less well-defined cytoplasmic tail
(Lambrecht et al., 2018). In general, ADAMs function by cleaving the extracellular
juxtamembrane region of type I transmembrane proteins, which leads to the shedding of
the cleaved ECDs into extracellular space. For the purpose of this review, we will focus on
discussing recent discoveries implicating ADAM10 and ADAM17, two of the most studied
members of the ADAM family, in the modulation of axon guidance receptors. Phylogenetic
and molecular evolution analyses demonstrate that a major diversification event separates
ADAM10 and ADAM17 from all other members of the ADAM family, and as a result ADAM10
and ADAM17 are highly homologous, well-conserved and share many of the same
substrates (Long et al., 2012). Unfortunately, global KOs of Adam10 are embryonic lethal at
E9.5 and global KOs of Adam17 are perinatal lethal, and both mutants exhibit wide-spread
developmental defects, complicating efforts to decipher their roles in neurodevelopment
and to identify novel neuronal substrates (Hsia et al., 2019). In addition, compared to most
other proteases, sheddases rely more on amino acid motifs or secondary structures to
recognize their targets, rather than stringent substrate sequences (Lichtenthaler et al.,
2018). Indeed, no consensus ADAM cleavage sequence has been identified to date
(Lambrecht et al., 2018). This results in frequent failure in generating cleavage-resistant
forms of ADAM targets, adding to the difficulties of predicting and verifying potential ADAM
substrates. Conditional KO mutants for Adam10 (Jorissen et al., 2010; Prox et al., 2013) and
Adam17 (Horiuchi et al., 2007), complemented by the development of novel proteomic
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strategies (Muller et al., 2016), will facilitate their study and help us gain mechanistic
insights into their roles in specific axon guidance pathways.
Receptors of all four classical axon guidance cues-slits, netrins, semaphorins and
ephrins-are physiological substrates for ADAMs during neurodevelopment, pointing to
ADAM-mediated shedding as a universal mechanism in regulating guidance receptor
signaling (Bai and Pfaff, 2011). In Drosophila, the ADAM10 homologue Kuzbanian cleaves
Robo1 and is required cell-autonomously in neurons for slit-Robo1 mediated repulsion
(Coleman et al., 2010). Additionally, in cell lines, human ROBO1 undergoes sequential
cleavages by ADAMs and 𝛾-secretase to generate soluble ICDs that can localize to the
nucleus, although the functions of the ICDs remain unexplored (Seki et al., 2010).
Interestingly, the levels of ROBO1 ICDs are strongly enhanced by the ADAM17-specific
activator phorbol 12-myristate 13-acetate (PMA), and also largely suppressed by the
ADAM17-specific inhibitor TAPI-1, indicating that ADAM17 could be responsible for
cleaving ROBO1 in this context. Although it remains unclear how ADAM cleavages facilitate
Robo1 signaling, suppressing ADAM10 blocks ROBO1 cytosolic region-mediated
recruitment of the Ras/Rac GEF Son of Sevenless (Sos), suggesting that the cytosolic
domains of Robo1 are important for ADAM-dependent Robo1 signaling (Coleman et al.,
2010). During rat development, proprioceptive axons (PAs) lose their sensitivity to the
repellent Sema3A as ADAM10 and ADAM17 cleave its receptor Nrp1, and this process is
required for the proper targeting of PAs in the spinal cord as they grow through a region of
high Sema3A expression (Romi et al., 2014). Interestingly, in Adam10 and Adam17 double
KO explants and spinal cords, PAs regain insensitivity to Sema3A after a one-day delay,
indicating that Nrp1 cleavage by ADAMs might not be the only mechanism preventing
Sema3A responsiveness in PAs. In primary rat cortical neuronal cultures, EphB2 is cleaved
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mainly by ADAM10 and then further processed by 𝛾-secretase, although whether this
proteolytic cascade regulates EphB2 in the context of axon guidance has not been
investigated (Litterst et al., 2007). Instead of targeting the guidance receptor Eph, ADAMs
regulate ephrin-Eph signaling in axon guidance by processing the ligand ephrin and the coreceptor neural cell adhesion molecule (NCAM). In HEK293 cells, the formation of the
ephrin-A5-EphA3 complex activates ADAM10 (which is constitutively associated with
EphA3) to cleave ephrin-A5 in trans, severing ephrin-A5-EphA3-mediated cell contact and
enabling subsequent growth cone retraction (Janes et al., 2005). More recently, as shown in
mouse cortical neurons, ephrin-A5 also induces ADAM10 cleavage of NCAM in cis
(Brennaman et al., 2014), which is required for ephrin-A5-EphA3-dependent growth cone
collapse, possibly by terminating EphA3 clustering and signaling (Sullivan et al., 2016).
𝛾-secretase is a multi-subunit intramembrane protease complex that mostly
functions to release the ICDs of its target transmembrane proteins and can have major
influences on the physiological signaling properties of guidance receptors (Bai and Pfaff,
2011). Multiple lines of evidence suggest that Dcc and neogenin are critically involved in
orchestrating the netrin response in neurons (Chedotal, 2019), and both go through
sequential proteolytic cleavages by ADAMs and 𝛾-secretase (Figure 1.4C). In such cleavage
events, a membrane receptor is first processed by sheddases to release its ECD. The
membrane-tethered stub, with only a small fragment of ECD remaining, can then
successfully pass through a gate formed by the 𝛾-secretase component nicastrin to enter
the active site for cleavage (Wolfe, 2019). In presenilin 1 (Ps1, the catalytic subunit of the 𝛾secretase complex) mutant mice, spinal motor neurons (MNs) ectopically cross the floor
plate due to inappropriate netrin1 attraction (Bai et al., 2011). This netrin1 response is
obtained through the accumulation of Dcc stubs in the absence of 𝛾-secretase cleavages
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(Figure 1.4B2). Dcc stubs might function by preferentially binding to full-length Dcc
receptors in MNs through an unknown mechanism, thus shielding them against interacting
with the Robo1 receptor, which can inhibit netrin1 responsiveness. The role of 𝛾-secretase
in spinal commissural neurons, which also employ netrin1-Dcc and slit-Robo1 as some of
the major pathways to guide their axons across the floor plate, awaits further investigation.
Spinal commissures suffer severe disorganization at the floor plate in Ps1 KO embryos, but
this phenotype has not been directly tied to the cleavage of Dcc or any other guidance
molecules (Bai et al., 2011). However, a strikingly different signaling strategy operates in
Drosophila commissural interneurons, where the Dcc homologue Fra is cleaved by 𝛾secretase to release its ICD as an active signaling molecule (Neuhaus-Follini and Bashaw,
2015). The Fra ICD can translocate to the nucleus to transcriptionally activate the
expression of its target gene commissureless, which is required cell-autonomously in
commissural neurons to facilitate commissural axon midline crossing (Neuhaus-Follini and
Bashaw, 2015; Yang et al., 2009). Given that the P3 motif, which houses both the nuclear
export signal and the transcriptional activation domain of Fra, is well conserved from
invertebrates to vertebrates, it is tempting to speculate that similar transcriptional function
might exist for Dcc as well. Indeed, in vitro evidence suggests that both Dcc and neogenin
ICDs can localize to the nucleus, and in the case of neogenin, a role in regulating
transcription has also been reported (Goldschneider et al., 2008; Taniguchi et al., 2003).
Lastly, 𝛾-secretase processing of neogenin is required for its function across different
species, including the regulation of 1) neural tube elongation in zebrafish (Brown et al.,
2019), 2) RGC axon targeting in the chick optic tectum (Banerjee et al., 2016), 3) cortical
neuron migration and optic nerve regeneration in mouse (van Erp et al., 2015), and 4)
transcriptional regulation of gene expression in human cancer cell lines (Goldschneider et
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al., 2008), attesting to the significance and the universality of regulated proteolysis for the
proper signaling propagation of guidance receptors both during development and in disease
pathogenesis.
In addition to Dcc and neogenin, the DSCAM ICD generated by 𝛾-secretase cleavage
can travel to the nucleus to influence the transcription of many genes involved in axon
guidance and other aspects of neural circuit formation (Sachse et al., 2019). Forced
expression of DSCAM ICD inhibits neurite outgrowth in primary mouse cortical neurons, yet
it remains to be seen whether this inhibited outgrowth has physiological consequences. One
perplexing aspect of such membrane-to-nucleus pathways is how proteolysis of a guidance
receptor might interfere with downstream signaling outputs that only the full-length
receptor can activate. One possibility involves activating the full-length receptor and the 𝛾secretase cleavage of the receptor with different ligands. Since netrins are not required in
the transcriptional activation of commissureless (Yang et al., 2009), Drosophila commissural
neurons might separate the function of full-length Fra and Fra ICD by activating 𝛾-secretase
cleavage with an alternative ligand, in a spatially and temporally regulated manner. Physical
segregation of full-length receptors and receptor ICDs is another possible mechanism
through which neurons could regulate guidance receptor functions. Future studies should
address how receptor ICDs are retrogradely transported from the growth cone, where
ligand stimulation is presumably detected, to the nucleus.
To further our understanding of the functional significance of proteolytic processing
of axon guidance receptors, substantial future efforts should be directed toward uncovering
the regulatory mechanisms that modulate the activity of the proteases themselves.
ADAM10, ADAM17, BACE1 and 𝛾-secretase are all broadly expressed in the developing
nervous system and often target the same membrane receptors as proteolytic substrates to
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produce distinct amino and carboxy termini with variable functions. One strategy to ensure
the specificity of proteases in regulating the precise cleavage of their substrates would be to
spatially segregate the proteases into distinct sub-domains on the plasma membrane or into
different cellular compartments (Lichtenthaler et al., 2018). However, spatial segregation is
unlikely to be the only means to regulate protease activity, since ADAM10 and BACE1,
ADAM10 and 𝛾-secretase, and BACE1 and 𝛾-secretase can each interact and form
proteolytically active multi-protease complexes in the developing mouse brain, suggesting
physical separation might not hold true for all signaling pathways (Chen et al., 2015a; Wang
et al., 2018). It is interesting to note that 𝛾-secretase could inhibit ADAM10 but enhance
BACE1 processing of APP (Chen et al., 2015a). ADAM10, on the other hand, might facilitate
BACE1 cleavage of CHL1 (Wang et al., 2018). Although the physiological significance of
these regulatory interactions has yet come to light, these observations imply the existence
of crosstalk within a functionally interconnected protease network.
Alternatively, neurons can also employ context-specific modulators to regulate the
functions of proteases. It is well-established that interacting with different members of the
tetraspanin C8 subgroup can differentially influence the trafficking, activity and substrate
specificity of ADAM10, whereas those properties of ADAM17 are regulated by the two
inactive rhomboid proteases iRhom1 and iRhom2 (Hsia et al., 2019; Lambrecht et al., 2018;
Li et al., 2015; Vincent, 2016). Despite their high expression levels in the nervous system,
little information is available on the involvement of tetraspanins and iRhoms in regulating
axon guidance receptor function. Additionally, tissue inhibitor of matrix metalloproteinase3 (TIMP3) inhibits ADAM17 activity and can induce neurite outgrowth in the hippocampus
both in primary neurons and in vivo. However, whether the growth-promoting effect of
TIMP3 is dependent upon modulating ADAM17 function has not been established (Gibb et
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al., 2015). Secreted Frizzled Related Proteins (Sfrps), which share similarities with TIMPs in
their C-terminal netrin-related motif, can bind to and suppress ADAM10 cleavages of Notch
and APP (Esteve et al., 2011). In Sfrp-null mouse embryos, RGC axon guidance and
fasciculation defects are observed in both the developing retina and optic nerve (Marcos et
al., 2015). Enhanced processing of N-cadherin and L1, two cell adhesion molecules that are
also known ADAM10 substrates, correlates with the genetic ablation of Sfrps or the
overexpression of ADAM10, yet causal relationships between specific ADAM10 substrates
and RGC axon growth and guidance have not been established in vivo. The Robo receptors
are attractive candidates, since inactivation of the slit-Robo pathway phenocopies the
various defects that are present in Sfrp mutants(Marcos et al., 2015). Finally, ADAM10
might not be uniquely responsible for the axonal abnormalities observed in Sfrp mutants as
it remains possible that Sfrps can also target and modulate ADAM17 function (Esteve et al.,
2011; Marcos et al., 2015). Given the large number of existing physiological substrates for
any of these proteases, global KOs of their essential modulators will likely result in altered
proteolytic processing of several proteins and thus give rise to exceedingly complicated
phenotypes. Future studies with conditional KO models for each of these proteases and
their modulators, allowing close inspection of individual axon guidance events, will provide
us with more insights into the many molecular mechanisms regulating proteolytic
processing of guidance receptors.
Downstream signaling of axon guidance receptors
Thus far, we have discussed how axon guidance receptors are regulated, now we
move on to how guidance receptors signal to the underlying growth cone cytoskeleton to
control specific guidance decisions. Axon guidance receptors primarily induce growth cone
turning by impinging on the axonal cytoskeleton to induce movement of the growth cone in
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a directional manner. A fundamental question is how these guidance receptors achieve
specificity in signaling pathways in order to generate distinct functional outputs. Diversity
in signaling can be achieved through different downstream targets. However, in many cases,
a common set of effectors is recruited in response to a number of different guidance cues. In
such instances, differences in signaling can be elicited via regulation of the spatiotemporal
activation of an effector molecule. In previous years, much of the effort to elucidate
signaling cascades downstream of guidance receptors has focused on RhoGTPases which
play pivotal roles in axon growth and guidance. This work has been extensively covered in
previous reviews and will not be discussed here (Niftullayev and Lamarche-Vane, 2019). In
this section, we discuss recent insights into novel roles of certain actin and microtubule
effectors in axon guidance, with a special emphasis on how their spatiotemporal activation
can contribute to signaling specificity.
Actin binding proteins
The actin cytoskeleton is the primary driving force for growth cone guidance and
exploration. When actin polymerization is inhibited using cytochalasin, neurons lose their
ability to respond to guidance cues (Bentley and Toroian-Raymond, 1986). Actin
remodeling drives the formation of lamellipodia and filopodia that typically underlie growth
cone motility and protrusion. It seems reasonable then to infer that actin polymerization is
associated with attractive guidance cues while actin depolymerizing agents are recruited by
repulsive guidance cues. The reality, however, is more complicated. Many repulsive
guidance receptors recruit downstream effectors that enhance actin polymerization, and
recent studies (discussed below) highlight the nuanced and complex nature of these actin
rearrangements and their importance in repulsive signaling. Aside from propelling the
growth cone forward, actin effectors can also influence several other actin-dependent
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processes including membrane trafficking and endocytosis, that play important roles in
regulating receptor signaling. Finally, actin effectors are also likely to act in a contextdependent manner, influenced by the repertoire of other signaling proteins present, and the
cellular compartments within which they are activated. In this section, we highlight recent
work describing the role of the Wave regulatory complex and Ena/VASP proteins, two
major actin effector families, in axon guidance.
The WASP family of nucleation promoting factors
The actin-nucleating Arp2/3 complex is one of the most well-studied actin binding
protein complexes. Upon activation, the Arp2/3 complex nucleates branched actin filaments
and is important for the lamellipodial actin network although its role in filopodia formation
remains controversial (Yang and Svitkina, 2011). The Arp2/3 complex is activated by
nucleation promoting factors (NPFs) like the Wiskott-Aldrich Syndrome protein (WASP)
family of NPFs, which consists of five subfamilies in mammals: (i) WASP and N-WASP (ii)
the three isoforms of SCAR/WAVE (iii) WHAMM (iv) WASH and (v) JMY. For details on the
cellular functions of the WASP family of NPFs, we refer the reader to reviews that explore
this topic (Alekhina et al., 2017; Tyler et al., 2016). Here, we will highlight the recent work
on the SCAR/WAVE subfamily in axon guidance.
The WAVE regulatory complex (WRC) consists of five different proteins: CYFIP/Sra1,
Nap1/Kette, Abi, HSPC300/Brick1 and WAVE/SCAR. WAVE contains a VCA region that can
bind to Arp2/3 and induce branched actin polymerization. In Drosophila and C. elegans,
SCAR/WAVE has been implicated in axon guidance and targeting (Shakir et al., 2008;
Stephan et al., 2011; Xu and Quinn, 2012) however the recruitment and activation of the
WRC in response to guidance cues is still poorly understood. Recent work identified a
unique binding site for the WRC known as WRC-interacting receptor sequence (WIRS;
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(Chen et al., 2014). The WIRS motif is present in various transmembrane proteins, including
several axon guidance receptors. A number of studies have since followed up on the
importance of this binding site in various cellular processes. In Drosophila, the WIRS motif
present in neuroligins was found to be essential for the recruitment of the WRC to
postsynaptic membranes at neuromuscular junctions to maintain normal synapse
formation and synaptic transmission (Xing et al., 2018). In C. elegans, the synaptic cell
adhesion protein SYG-1 requires its WIRS motif to interact with the WRC for proper axonal
arborization and synapse assembly (Chia et al., 2014). The WIRS-WRC interaction is also
important for neogenin to regulate junctional stability in human epithelial cell lines (Lee et
al., 2016). These WIRS-WRC interactions can restrict WRC-mediated actin assembly to
desired subcellular locations and allow for high spatial and temporal specificity in directing
actin polymerization. Since there are WIRS motifs in several axon guidance receptors
including Robos and Dcc, it will be interesting to determine if they are functional and if their
interaction with the WRC is regulated by the binding of their respective ligands. The WIRS
motif has a conserved threonine or serine residue that is essential for its interaction with
the WRC, and phosphorylation of various WIRS sites has been previously documented
(Hornbeck et al., 2012). Further investigation is necessary to determine if phosphorylation
can regulate the WIRS-WRC interaction. Another interesting question is whether in addition
to recruiting the WRC, these WIRS-containing receptors can also influence its activity. The
cytoplasmic tails of different protocadherin receptors were found to have differential effects
on the activity of the WRC in a pyrene-actin polymerization assay (Chen et al., 2014).
However, whether this phenomenon has physiological significance is still unclear.
Altogether, identification of the WIRS motif has thus provided a direct link between axon
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guidance receptors and WRC-mediated actin dynamics, and is an important contribution to
our understanding of WRC recruitment.
SCAR/WAVE proteins can also function in endocytosis of surface receptors. The
WASP subfamily of Arp2/3 NPFs is traditionally accepted as the NPF responsible for
regulating internalization events at the plasma membrane (Benesch et al., 2005; Merrifield
et al., 2004; Tyler et al., 2016). However, in invertebrates like Drosophila and
Caenorhabditis, SCAR/WAVE is a key regulator of endocytic events (Bai and Grant, 2015;
Fricke et al., 2009; Giuliani et al., 2009; Patel and Soto, 2013; Shivas and Skop, 2012). New
work suggests that this finding can be extended to vertebrate systems as well. In mouse
hippocampal neurons, knocking down components of the WRC, but not N-WASP, impairs
BDNF-mediated internalization of TrkB, suggesting that the WRC is the NPF responsible for
BDNF-induced endocytosis of TrkB (Xu et al., 2016). However, TrkB does not contain a
WIRS motif and there is no evidence for a direct interaction between TrkB and the WRC.
Retrolinkin, an endosomal vesicle protein important for BDNF-TrkB trafficking (Fu et al.,
2011), interacts with CYFIP, and knockdown of retrolinkin in hippocampal neurons shows a
decrease in colocalization between WAVE1 and BDNF-activated TrkB, suggesting that
retrolinkin functions in the recruitment of the WRC to TrkB. However, since no physical
interaction between retrolinkin and TrkB has been reported, it remains unclear how the
WRC is recruited to and activated by TrkB. The WRC-induced endocytosis of TrkB appears
to be clathrin-independent, consistent with its clathrin-independent role in endocytosis of
the interleukin-2 receptor (IL-2R; (Basquin et al., 2015). IL-2R directly interacts with the
WRC via a WIRS motif present in its cytoplasmic tail and mutations in the WIRS motif
disrupt this interaction and inhibit IL-2R endocytosis. Interestingly, IL-2R endocytosis also
requires subsequent activation of N-WASP, providing a unique example of two Arp2/3
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activators regulating different steps of endocytosis initiation in a temporally coordinated
manner.
Taken together, these findings offer significant advances in understanding the
mechanisms underlying recruitment and activation of the WRC, yet how these events are
actively regulated in response to specific guidance cues remains largely unknown. Future
studies should be directed toward uncovering if and how receptor-WRC interactions are
modulated upon ligand binding. Additionally, while the different WASP subfamilies
generally have distinct physiological functions, in some cases, they can act cooperatively to
regulate a single actin-driven process. Thus, cooperativity between different WASP
subfamilies may represent an additional mechanism to diversify individual receptor
signaling pathways.
Ena/VASP proteins
The Ena/VASP family consists of actin-regulatory proteins that associate with the
barbed ends of actin filaments and antagonize filament capping, thereby resulting in the
generation of long, unbranched F-actin filaments. Drosophila and C. elegans each have a
single Ena/VASP ortholog while mammals have three: Mena, VASP and EVL (Drees and
Gertler, 2008). Ena/VASP family members are concentrated at the leading edge of
lamellipodia and the tips of filopodia. They are thus perfectly poised to function as
immediate modifiers of the actin cytoskeleton in response to guidance cues (Figure 1.5).
Ena acts in attractive signaling downstream of Dcc and netrin1, functioning to increase
filopodia protrusion and elongation (Gitai et al., 2003; Lebrand et al., 2004; Yu et al., 2002).
A number of studies have demonstrated the requirement for Ena in slit-Robo dependent
repulsive signaling as well (Bashaw et al., 2000; Yu et al., 2002) and the Drosophila Robo
receptor has been shown to directly interact with Ena (Bashaw et al., 2000).
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Recent work to resolve the paradoxical role of Ena/VASP proteins in repulsive signaling
has uncovered a novel response to slit in dorsal root ganglion axons (McConnell et al.,
2016). When DRG axons encounter slit, they initially extend long filopodia toward the
source of slit before retracting. This filopodial extension requires the activity of Ena/VASP
proteins and is necessary for subsequent slit-induced retraction. Disrupting the Ena/VASP
interaction site on Robo abolishes the extension of filopodia and the subsequent repulsion.
In mouse embryos deficient for Ena/VASP proteins, DRG axons fail to bifurcate along the
rostro-caudal axis and instead aberrantly extend into the dorsal midline similar to the
phenotype seen in embryos lacking Robo or slit (McConnell et al., 2016). Together with the
in vitro data, these observations strongly suggest that Ena/VASP proteins and Robo function
together to guide DRG axons. slit-induced filopodia are likely to function in sensing the
environment surrounding a growth cone, thereby facilitating a better resolution of guidance
gradients (Figure 1.5B).
Guidance cues can achieve rapid localized cytoskeletal changes by using molecular
switches that allow for immediate regulation of cytoskeletal effector proteins. One such
switch involves the rapid, reversible, non-degradative ubiquitination of VASP (Menon et al.,
2015; Figure 1.5C). The ubiquitination of VASP is mediated by TRIM9, a member of the
tripartite motif (TRIM) family of E3 ubiquitin ligases. TRIM9 along with the invertebrate
orthologs, MADD-2 and Asap. has previously been implicated in netrin-Dcc signaling (Hao et
al., 2010; Morikawa et al., 2011; Winkle et al., 2014). However, while Trim9 loss of function
phenocopies netrin and Dcc mutants in invertebrates (Hao et al., 2010; Morikawa et al.,
2011), conditional Trim9 knockout mice show thickening of the corpus callosum, a
phenotype opposite to Dcc and netrin mutants. This suggests that TRIM9 function might
have diverged in mammals (Menon et al., 2015). Mechanistically, TRIM9-mediated
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ubiquitination of VASP in cortical neurons, has no effect on VASP stability but results in
relocalization of VASP away from filopodial tips (Figure 1.5C). Although it is unclear how
ubiquitination affects VASP localization, it appears that ubiquitination of VASP affects the
rate of its dissociation from filopodial tips, which in turn reduces filopodial stability.
Consistent with this idea, Trim9 mutant growth cones show increased filopodial number
and length. Upon netrin stimulation, VASP ubiquitination is reduced. This reduction is lost
in the presence of a deubiquitinating enzyme (DUB) inhibitor, suggesting that VASP is deubiquitinated downstream of netrin signaling (Menon et al., 2015).
More recently, TRIM67 was found to competitively inhibit TRIM9-dependent
ubiquitination of VASP (Boyer et al., 2020; Figure 1.5C). Cortical neurons lacking TRIM67
show increased ubiquitination of VASP, presumably mediated by TRIM9. In vivo analysis of
Trim67 conditional mutant mice shows thinning of the corpus callosum similar to netrin and
Dcc mutants, although the defects in netrin and Dcc are much more severe with complete
agenesis of the corpus callosum. This might suggest compensatory mechanisms in vivo, or
perhaps can be partly attributed to the use of whole animal knockouts for netrin and Dcc.
Importantly, the ligase domain of TRIM67 appears to be important for the reduction in
VASP ubiquitination. Is TRIM67 ubiquitinating TRIM9 to inhibit TRIM9 activity or is it
acting indirectly via other substrates? Despite the contrasting phenotypes of Trim9 and
Trim67 mutants in vivo, both Trim67 and Trim9 mutant cortical neurons have an increased
growth cone area and number of basal filopodia, in vitro. Perhaps this reflects a continuing
need for TRIM9 and TRIM67 downstream of netrin signaling to allow for repeated cycling of
VASP between ubiquitinated and de-ubiquitinated states for successive rounds of filopodial
attachment and detachment. This could represent a model similar to the cycling of
RhoGTPases where dominant negative and constitutively active forms of RhoGTPases often
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show the same phenotype. This balance between TRIM9 and TRIM67 function may finetune VASP activity to an optimal level permitting filopodial sensing of the environment.
In addition to its canonical role as a cytoskeletal regulator, Mena, the mammalian
ortholog of Ena, can function to regulate local translation both at the basal level and in a
cue-dependent manner (Vidaki et al., 2017; Figure 1.5A). Mena can bind to its target
mRNAs, including the kinase Dyrk1a, through its association with the RNA-binding protein
(RBP) hnrnpK. In neurons deficient in Ena/VASP proteins, both basal and BDNF-elicited
local translation of Dyrk1a is impaired (Figure 1.5A). Mena acts downstream of many axon
guidance receptors that are known to regulate local translation, and thus can serve as a link
to the translational machinery. This dual function of Mena places it in a pivotal position to
coordinate the crosstalk between cytoskeletal reorganization and local protein synthesis
downstream of guidance cues.
These recent studies are paving the way for understanding how a core set of actinbinding proteins can function downstream of both attractive and repulsive guidance
receptors. The work on slit-induced filopodial extension in DRG axons, lends credence to the
idea that actin polymerization events are essential for repulsive signaling and are more
nuanced and complex than previously thought. Further, the discovery of novel functions of
actin-binding proteins, namely the regulation of local translation by Mena, can substantially
advance our understanding of how these proteins function in several different guidance
pathways yet produce distinctive signaling outputs.
Microtubule associated proteins
It is widely accepted that the actin cytoskeleton is instrumental in driving growth
cone motility in response to axon guidance cues. However, there is a rapidly growing body
of evidence to suggest that microtubules (MTs) play more than just a passive role in axonal
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navigation and extension. The idea of MTs steering growth cones stems from one of the
early observations that localized application of Taxol, a MT-stabilizing drug, induces
attraction toward the site of application, while Nocodazole, a MT-destabilizer, induces
repulsion away from it (Buck and Zheng, 2002). MTs contribute to axonal growth and
guidance by advancing and stabilizing filopodia and by directing the asymmetric delivery of
intracellular vesicles which contain new membrane components and receptor proteins
necessary for membrane protrusion. Additionally, MTs are constantly switching between
phases of growth and catastrophe, and this dynamic instability can help growth cones
explore and navigate their surrounding environments. Here, we focus on recent work
identifying the microtubule-associated proteins (MAPs) required for regulating MT
dynamics to influence growth cone steering.
MTs are the stiffest of the cytoskeletal structures (Fletcher and Mullins, 2010). They
are composed of a- and b-tubulin heterodimers that polymerize in a head-to-tail
arrangement to give rise to protofilaments that in turn assemble to form polarized tubes.
TUBB3, a neuronal isoform of b-tubulin, interacts with netrin receptors and plays a role in
netrin-induced attraction and repulsion (Huang et al., 2018; Qu et al., 2013; Shao et al.,
2017). TUBB3 can interact with Dcc and this interaction is enhanced in the presence of
netrin (Qu et al., 2013). TUBB3 knockdown affects netrin-induced neurite outgrowth and
attraction both in vitro and in vivo in chick spinal cords. Indeed, certain disease-associated
missense mutations in TUBB3 that partially disrupt its interaction with Dcc, fail to rescue
the netrin-dependent outgrowth and branching defects induced by TUBB3 knockdown in
cultured cortical neurons (Huang et al., 2018). Electroporation of these TUBB3 variants in
spinal cords of chick embryos inhibits netrin-induced attraction of axons in an open-book
turning assay. Because Dcc is absent in avians, it is likely that TUBB3 functions downstream
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of neogenin, a functional substitute for Dcc in chick; however, this requires further study. In
mammals, TUBB3 mutants show defects in formation of the corpus callosum and anterior
commissure, phenotypes similar to that seen in Dcc and netrin mutants, further suggesting a
role for TUBB3 in Dcc signaling (Fazeli et al., 1997; Serafini et al., 1996; Tischfield et al.,
2010). Future studies should determine the interaction sites on Dcc that are responsible for
binding to TUBB3, permitting manipulations that would specifically disrupt TUBB3 function
in Dcc signaling rather than globally depleting TUBB3. Unc5 can also interact with TUBB3,
although in contrast to Dcc, netrin stimulation reduces this interaction (Shao et al., 2017).
The current model suggests that netrin stimulation causes TUBB3 to dissociate from Unc5
on the proximal side, allowing for collapse and repulsion away from netrin.
In addition to interacting with MTs directly, guidance receptors can also recruit MAPs
that can bind to MTs and regulate MT dynamics. Several of these MAPs can bind to actin in
addition to microtubules and can thus serve as points of crosstalk between the two
cytoskeletal networks. Most MT bundles are sequestered in the central domain of the
growth cone presumably restricted by actin retrograde flow, but a few extend further out
into the periphery. These pioneer MTs can undergo crosslinking with peripherally located
F-actin bundles that help guide them into filopodia. Subsequent microtubule capture and
stabilization can facilitate directed growth. MT-actin interactions are crucial for achieving
proper axon guidance (Coles and Bradke, 2015) and much effort has been directed toward
identifying MAPs which have actin and MT crosslinking abilities. For example, XMAP215
and navigator1 (Nav1), two previously known MAPs, were recently shown to also directly
interact with F-actin and regulate MT-actin interactions (Sanchez-Huertas et al., 2020;
Slater et al., 2019). XMAP215 and Nav1 join the expanding repertoire of crosslinker
proteins that includes cytoplasmic linker associated proteins (CLASPs), adenomatous
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poliposis coli (APC), spectraplakins and others. Although removal of several of these
proteins has been shown to impair responsiveness to guidance cues in vitro, mechanistic
insight into their recruitment and activation downstream of specific guidance receptors is
relatively lacking.
MT studies are complicated by the fact that MAPs act in tip-stabilizing complexes,
where problems of redundancy between complex components limit the extent of
knowledge that can be gained from individual knockout studies. Further, MAPs can have
roles independent of MT binding, as was recently reported for MAP6 in Sema3E signaling
(Deloulme et al., 2015) and many MAPs can bind to actin as well as MTs, which complicates
the interpretations from MAP knockout studies. Finally, some MAPs, like CLASPs, can both
promote and inhibit MT elongation (Bearce et al., 2015) highlighting a complex regulation
that may buffer against unwanted polymerization events. As such, reductionist approaches
studying single MAPs in isolation are inherently limited. Additionally, with advancements in
the fields of optogenetics and live-imaging microscopy, investigators can study the impact
of localized MAP manipulations as individual growth cones are visualized in living tissue.
Spatiotemporal signaling
It is easy to imagine signal diversification when effectors can perform distinct
functions downstream of different receptors, although many effectors have just a single
known function. In such instances, differences in signaling can be achieved by regulating the
spatiotemporal activation of these effectors. When and where in a cell, these effectors are
active, can influence both the duration of their signaling and the protein assemblies with
which they interact, resulting in differential signaling outputs (Fehrenbacher et al., 2009;
Sugiyama et al., 2019). In this section we discuss spatial and temporal activation of
downstream effectors of axon guidance, and novel tools for studying this local signaling.
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Endosomal signaling
Endosomes play pivotal roles in axon pathfinding by regulating surface levels of
axon guidance receptors (Figure 1.6). Endocytosis is a well-documented mechanism for
attenuating receptor signaling by decreasing the number of surface receptors and targeting
them for degradation. In recent years however, several novel functions for endosomes have
emerged, from serving as hotspots for local translation to functioning as platforms for
diverse signaling cascades. Here, we focus on the role that endosomal signaling plays in
axon guidance.
Endosomes can serve as major signaling hubs where continued ligand-receptor
association leads to sustained signaling from the endosomal compartment, constituting a
population known as “signaling endosomes”. Signaling endosomes were traditionally
viewed as long-distance, retrograde messengers that transmit information from the nerve
terminals to the soma, an important component of neurotrophin signaling (reviewed in
Barford et al., 2017). Now, the definition of signaling endosomes has expanded to include
those that signal locally within the growth cone. Some receptors initiate different signaling
cascades at the plasma membrane and in endosomes, thus requiring internalization to
recruit specific effector molecules. There are several instances of guidance cue-induced
signaling that is specifically initiated in endosomes. slit-induced endocytosis of the Robo
receptor is required for the recruitment of its downstream effector SOS, a GEF for Rac1
activation (Chance and Bashaw, 2015; Figure 1.6A). Disrupting endocytosis of Robo results
in a failure to recruit SOS to Robo-induced cellular processes. Endosomal-specific Rac1
activation is also induced by the TrkA receptor, which is internalized upon NGF stimulation
(Harrington et al., 2011). Activated Rac1 subsequently recruits cofilin which presumably
severs actin filaments to enable the retrograde transport of these TrkA-NGF signaling
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endosomes to the soma to support neuronal survival (Figure 1.6A). Finally, RhoA, another
member of the RhoGTPase family is also activated on early endosomes upon NogoAD20
stimulation (Joset et al., 2010). The growth inhibitory fragment NogoAD20 is internalized
via the pinocytic chaperone, pincher-dependent macroendocytosis, and generates signaling
endosomes that are retrogradely transported to negatively regulate neuronal growth
programs in the cell body. These signaling endosomes can also act locally to mediate growth
cone collapse in response to NogoAD20 (Figure 1.6A). Disrupting endocytosis of NogoAD20
abolishes RhoA activation and impairs NogoAD20-dependent growth cone collapse (Joset et
al., 2010). Previously, endocytosis was thought to function primarily in repulsion and
growth cone collapse, however a recent study has demonstrated a role for endocytosis in
Shh-mediated attractive signaling. Shh induces endocytosis of its receptor, Boc, via an
endocytic adapter, Numb, and this internalization is required for Shh-dependent axon
turning (Ferent et al., 2019). One demonstrated role for Shh-mediated endocytosis is to
facilitate Ptch1 internalization, permitting disinhibition of smoothened (Smo). However, it
is tempting to speculate that Shh-induced endocytosis might function as more than just a
means for Smo disinhibition, by actively regulating local signaling; perhaps even serving as
a site for integration with the Shh-induced DOCK/ELMO/Rac1 pathway (Makihara et al.,
2018).
Signaling endosomes are perfectly poised to serve as platforms for crosstalk
between signaling pathways (Figure 1.6B). Different guidance receptors internalized into a
common vesicle can elicit signaling cascades that interact to generate an entirely novel
output (Markworth et al., 2019). For example, CasR and TrkB can interact in a ligandindependent manner, and upon coactivation in chick sensory neurons, CasR and TrkB
colocalize and co-traffic in Rab7-positive late endosomes. Both CasR and TrkB have a
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common downstream effector, GSK-3, which can be phosphorylated at multiple residues.
When independently activated, CasR and TrkB show different phosphorylation profiles of
GSK-3 and coactivation of CasR and TrkB results in a non-additive effect of GSK-3
phosphorylation, suggesting that CasR changes the GSK-3 phosphorylation target sites of
TrkB (Figure 1.6B). The authors hypothesized that GSK-3 cycles between active and inactive
states. Supporting this idea, phosphorylation of tau, a downstream target of GSK-3, shows a
cycling behavior when CasR and TrkB are coactivated but not when CasR is activated alone
(Markworth et al., 2019). Since phosphorylation of tau can affect its ability to promote MT
assembly (Lindwall and Cole, 1984), cycling between tau dephosphorylation and
phosphorylation can potentially induce successive rounds of microtubule assembly and
disassembly to regulate neurite outgrowth. It is unclear whether TrkB activation alone is
also capable of eliciting the cycling behavior of phosphorylated tau and what that might
mean for the biological significance of this integration of signaling. It remains to be seen
whether CasR and TrkB interact directly to regulate crosstalk, and if late endosomes are
actively contributing to the integration of their signaling or if they are simply acting as a
platform for the localization of these receptors.
Once internalized, receptors can be sorted into recycling endosomes to be returned to
multiple locations on the cell surface. This allows cells to fine tune the distribution of
receptors and the extent of signaling. Post-internalization sorting is an important regulatory
step in several axon guidance pathways and is vital for proper spatiotemporal signaling
(Figure 1.6C). Adaptor proteins are critical regulators of post-internalization sorting.
Recently, an adaptor protein, HD-PTP, was found to be indispensable for ephrin-mediated
growth cone collapse. HD-PTP, an accessory protein for the ESCRT complex, regulates postendocytic sorting of EphB2 complexes by protecting them from lysosomal degradation and
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facilitating their recycling back to the plasma membrane (Lahaie et al., 2019). In some cases,
recycling endosomes do not function solely to replenish surface receptors, but actively
contribute to signaling cascades. For instance, active R-ras is detected primarily on the
membranes of recycling endosomes. Plexin D1 is internalized in response to Sema3E and
requires sorting by the adaptor protein GIPC, into recycling endosomes where it inactivates
R-ras (Figure 1.6C). Disrupting the interaction between plexin D1 and GIPC results in
missorting of plexin D1 from recycling endosomes to late endosomes and loss of R-ras
inactivation, along with a failure of Sema3E-induced growth cone collapse (Burk et al.,
2017). A very interesting role for recycling endosomes in co-adaptation of ephrinA/EphA
signaling was recently demonstrated in chick RGCs (Fiederling et al., 2017). Upon prolonged
exposure to guidance signals, axons become less sensitive to those signals. For continued
navigation, axons must adapt over time in order to overcome the decreased sensitivity to
guidance signals. In this study, the authors use computational modeling and an in vitro “gap
assay” to demonstrate that axons adapt to both forward and reverse ephrinA/EphA signals
and this co-adaptation is based on vesicular trafficking. Upon internalization of ephrinAs
and EphAs, enhanced cis signaling in recycling endosomes desensitizes growth cones to
trans signals while resensitization is achieved by recycling of ephrinAs and EphAs back to
the growth cone surface (Fiederling et al., 2017). These studies highlight the importance of
post-endocytic sorting in axon guidance and lend credence to the idea that different
endosomal populations have unique signaling profiles that can further contribute to signal
diversification.
Tools for studying spatiotemporal signaling
Specific neuronal connections are established through the concerted action of several
guidance receptor pathways that signal through common effector molecules whose

38

dynamics are subject to rigorous spatial and temporal regulation. Thus, to dissect the
molecular mechanisms involved in guidance receptor signaling, it is imperative to study the
spatiotemporal signaling of these effectors together with their regulatory mechanisms.
Unfortunately, the commonly used methods of studying signal transduction traditionally
involve cell lysis or fixation, offering only limited spatial and temporal resolution. To
overcome these challenges, many novel tools have been developed in the last decade to help
visualize and manipulate these signaling molecules with greater precision. Here we provide
a brief overview of these novel tools and refer readers to several excellent reviews for
further information (Ross et al., 2016; Rost et al., 2017).
Advancements in optical imaging have enabled the precise observation of signaling
molecules at subcellular resolution and with high temporal specificity. Improvements in the
design and sensitivity of genetically encoded fluorescent biosensors have made them
powerful tools for monitoring effector activity in living cells. The most common biosensors
are the fluorescence resonance energy transfer (FRET)-based biosensors, which are
engineered by sandwiching the sensing unit between two fluorescent proteins that act as a
FRET pair (Marx, 2017). FRET biosensors offer an advantage over single fluorescent protein
biosensors because they are ratiometric, making them more reliable and robust. When
targeted to specific subcellular compartments, these biosensors can provide valuable
information on the functional compartmentalization of signaling in neurons. However,
many fluorescent biosensors are limited by their reliance on visible light which penetrates
poorly through tissues. Far-red and near-infrared sensors, which can penetrate deeper into
tissues, may be more suitable for in vivo imaging (Chernov et al., 2017).
With the advent of super-resolution (SR) microscopy, live imaging at nanoscale
resolution is now possible. However, most SR techniques use very high intensity light which
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can cause photobleaching, phototoxicity and other adverse consequences, prohibiting longterm imaging of dynamic cellular events. To this end, super-resolution based on reversibly
photo-switchable fluorescent proteins (RSFPs) is proving to be extremely useful. Reversible
saturable optical fluorescence transition (RESOLFT) microscopy uses RSFPs that can
undergo repeated cycles of photoactivation from a dark state to a fluorescent state, and
enables live imaging for long periods with negligible photodamage (Kwon et al., 2015).
Bioluminescence offers another strategy to avoid the problem of phototoxicity and many
bioluminescence resonance energy transfer (BRET) sensors are being developed. While
most luminescent proteins are dimmer, compromising resolution, Nano-lantern and other
color variants enable high-speed multicolor luminescence in living cells (Takai et al., 2015).
Other efforts are being directed at physically magnifying the sample itself in a new form of
super-resolution microscopy known as expansion microscopy (Chen et al., 2015b). This
method uses a swellable polymer that expands such that labeled biomolecules within the
sample can be separated to distances that enable their resolution with traditional
microscopy.
In addition to being able to detect the spatiotemporal activation of effector
molecules, it is imperative to develop tools that can precisely manipulate effector activity in
time and space. Optical manipulation of specific effector activities allows for increasingly
finer control in live cell studies. This can be achieved through the use of naturally occurring
light-activated proteins like photoactivatable adenylyl cyclases (PACs) which can be
optically activated to regulate cAMP levels in a spatiotemporal manner. Optical
manipulation can also be achieved through the optical caging of proteins, wherein the target
protein or its activity is blocked by a photolabile group that enables light-induced activation
with high resolution. Alternatively, light-induced dimerization (LID) can be used to facilitate
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spatiotemporal activation of signaling by regulating protein interactions and effector
recruitment. In LID, one component of the dimer is targeted to a specific subcellular
compartment while the other component is expressed as a cytosolic protein. The
dimerization induced by light facilitates rapid and precise recruitment of the cytosolic
protein to the subcellular compartment. LID can also be used to achieve homooligomerization of proteins thereby allowing for finer control over receptor activation. This
has been demonstrated for optoTrk receptors, which can recapitulate BDNF-TrkB signaling
in response to light in cultured hippocampal neurons (Chang et al., 2014). Lastly, magnetic
nanoparticles (MNPs) are another rapidly developing tool for manipulating single
molecules with high spatiotemporal precision (Nimpf and Keays, 2017). MNPs can be used
to control the spatial organization of cell surface receptors and induce signal transduction
as reported for Notch receptors (Seo et al., 2016). However, technical considerations remain
with regard to the delivery of these MNPs within cells and current research is geared
toward enabling genetic encoding of MNPs.
There have been tremendous advancements in the fields of optogenetics,
magnetogenetics and nanoscale microscopy. The availability of these novel tools for
visualizing and manipulating effector molecules with high spatiotemporal precision, offers
many exciting avenues of investigation. An ongoing effort is the design and optimization of
these tools for various different effectors involved in guidance receptor signaling, and the
improvement of existing technologies to make them more amenable to in vivo imaging.
Concluding remarks
In this chapter, we have sought to highlight recent advances and new concepts
emerging from the investigation of axon guidance receptor regulation and signaling. When
conserved families of guidance cues and receptors were first described, their functions were
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grouped into the two major categories of attraction and repulsion. They were further
ascribed either short-range or long-range functions, or both. This proved to be a useful
framework for thinking about axon guidance mechanisms, but not surprisingly this
categorization represented an over-simplification of the diverse actions of these signaling
proteins. In addition, while first described for their actions in the developing nervous
system, it is now appreciated that these conserved families of signaling proteins regulate
diverse aspects of neuronal morphogenesis, homeostasis and function.
Investigations into the mechanisms of receptor regulation over the past ten years
have begun to highlight the myriad of ways in which interactions between receptors and
coreceptors, as well as interactions between receptors for distinct guidance cues serve to
diversify and modulate signaling outputs. This has challenged the notion that guidance
pathways only act in isolation to mediate discrete steps of the axon guidance process, and
that it is only the net balance between attraction and repulsion that determines guidance
outcomes. Instead, these pathways are often integrated and converge to yield distinct and
sometimes synergistic effects on axonal responses. This new understanding of the complex
cross talk between signaling pathways has been dramatically accelerated by the burgeoning
body of structural work that sheds light on how receptor-ligand and receptor-receptor
interactions control receptor activation. In addition to new roles for interactions between
distinct guidance pathways, significant progress has been made in understanding how
proteolytic processing of axon guidance receptors can regulate receptor availability and
downstream signaling. One particularly interesting emerging theme is that receptors often
undergo processive proteolysis to generate intracellular domains which can signal in new
ways, including by acting as direct regulators of transcription. This suggests the intriguing
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possibility that axon guidance pathways used for building neuronal circuits could be
repurposed to control other neuronal properties by directly regulating gene expression.
As we have seen for mechanisms of receptor regulation, the study of the complex
mechanisms of signaling downstream of axon guidance receptor activation has also been a
fertile area of investigation. One of the most challenging aspects of understanding axon
guidance receptor signaling has been the finding that frequently the same signaling
molecules can act in both axon attraction and axon repulsion. Higher resolution imaging and
a finer focus on the spatial regulation of signaling events has begun to shed light on this
paradox. For example, recent studies of Ena/VASP proteins points to the importance of local
signaling within filopodia to allow growth cones to sample gradients of extracellular cues
and reveals that an important aspect of response to repellant cues is to first extend
filopodia. As new tools become available to image the activity of signaling molecules in subdomains of the growth cone, we expect that a clearer delineation of the roles of proteins
that act in both attraction and repulsion will emerge. New studies of actin regulatory
proteins such as Ena/VASP have also highlighted how these proteins can play distinct roles
in the growth cone depending on how upstream pathways impinge upon them, and where
within the growth cone they are activated. For instance, Ena/VASP can regulate filopodial
extension in response to netrin or regulate local protein translation in response to BDNF. A
clear challenge for the future will be to achieve an understanding of how these distinct
activities are regulated spatially and temporally to confer distinct signaling outcomes.
Finally, it is important to recognize that without exception, conserved families of
axon guidance proteins play broad roles in the development and function of multiple organ
systems outside of the nervous system, and disruption of their signaling pathways is
implicated in many human diseases. The broad and diverse roles of axon guidance signaling

43

pathways creates an even stronger imperative to dissect their mechanisms of action. Thus,
future studies of the regulation and function of axon guidance signaling pathways will not
only increase our understanding of the development and function of the nervous system,
they will also offer broad insights into development and disease.
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Figure 1. 1. Domain structure of classical axon guidance receptors and their ligands.

A schematic depicting axon guidance molecules discussed in this review: netrin and its
receptors Dcc, neogenin, Frazzled and Unc5, slit and its receptors Robo1, 2, and 3,
transmembrane and secreted semaphorins and their plexin and neuropilin receptors, and
ephrin and its Eph receptors. DSCAM can interact with both netrin and slit. Transmembrane
Semas and ephrins can also signal in reverse as receptors. CTCK, C-terminal cysteine knot.
Cys, cysteine-rich domains. EGF, epidermal growth factor-like domains. FN, fibronectin type
III domains. IG, immunoglobulin-like domains. IPT, immunoglobulin-plexin-transcription
domains. Lam, laminin-type domains. LRR, leucine-rich-repeat domains. NTR, the netrin
module. PSI, plexin-semaphorin-integrin domain. RBD, receptor binding domains. LBD,
ligand binding domains. TSP, thrombospondin type 1 domains.
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Figure 1. 2. Regulation of axon guidance receptors via receptor-coreceptor
interactions.

(A) Coreceptors can enhance guidance receptor functions. In cortical neurons, in the
absence of RGMa, Lrig2 binds to neogenin to block premature ADAM17-mediated
proteolytic cleavage of the ECD of neogenin. Binding of RGMa initiates the dissociation
between Lrig2 and neogenin, allowing neogenin ECD shedding and RGMa-induced neurite
growth inhibition to occur. (B) Coreceptor binding can switch signaling outputs of guidance
receptors. (B1) In cortical and striatal neurons, which do not express Nrp1, Sema3E acts as
a repellent interacting with plexin D1. In subiculum neurons, Nrp1 recruits VEGFR2 to
mediate growth promoting response to Sema3E via activating the PI3K/Akt pathway. (B2)
In spinal cord commissural neurons, APP binds to Dcc to inhibit

-secretase dependent

proteolytic cleavage of Dcc ICD and its potential transcriptional activity, and to enhance
netrin1-induced attraction via increasing the activation of ERK1/2. (C) Receptor-receptor
interactions can also function as coincidence detectors to induce synergistic effects from
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two guidance cues. (C1) A schematic depicting the spinal cord, the lateral motor column
spinal motor neurons that target the limb and the developing limb bud divided into ventral
and dorsal halves. Expression of some genes either in the motor axons or the dorsal limb
are shown. (C2) In medial LMCs that express EphA4, ephrin-A5 acts as a repellent. In lateral
LMCs that express ephrinA5, co-detection of GDNF and EphA4 by the GFR -Ret-ephrin-A5
receptor-coreceptor complex mediates axon growth promotion. (C3) Co-stimulation with
netrin1 and ephrin-B2 leads to enhanced phosphorylation of Src kinase, which strengthens
repulsion in medial LMCs mediated by the Unc5c-EphB2 complex. (C4) In rostral
thalamocortical neurons, Robo1 binding to its coreceptor FLRT3 enables co-detection of
slit1 and netrin1, which activates PKA to increase surface Dcc levels via enhanced vesicular
transport, to facilitate attraction.
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Figure 1. 3. The dynamic conformational landscape and multimerization state of axon
guidance receptors at the membrane modulate their signaling outputs.

(A) plexin A receptors form an auto-inhibitory dimer, which can shift into an “open” shape
upon binding to a Sema dimer, to mediate repulsion. (B) slit binding can potentially break
trans-inhibitory interactions between two Robo2 receptors on opposing cells, by inducing a
conformational change of Robo2 from a “closed” auto-inhibitory conformation to an “open”
conformation. The following cis-dimerization of Robo2 receptors generates a repulsive
response. The Robo3 receptor instead assumes an elongated shape and interacts with its
ligand NELL2 in a 3:3 trimer to mediate axon repulsion. For simplicity, the NELL2-Robo3
interaction is depicted as a monomeric interaction. (C) Upon binding to ephrin-A5 or -A1,
EphA2 receptors cluster to form a continuous assembly at the membrane to mediate cell
adhesion. EphA4 forms smaller multimers, such as dimers or trimers, to transduce
repulsion. (D) Netrin binds to two Dcc receptors to generate attraction but can also mediate
repulsion when the receptor binding interface on the EGF2/3 domains of netrin1 is
occupied instead by UNC5. Draxin can interact with both netrin1 and Dcc to potentially
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stabilize trans-interaction between two Dcc receptors to mediate contact dependent axon
fasciculation. netrin1 can also interact with the FN4 domains of Dcc and neogenin to form
either an extended array or a 2:2 tetramer with the receptors, depending on the length of
the linker region between the FN4 and 5 domains of the receptors.
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Figure 1. 4. Receptor proteolytic processing regulates downstream signaling outputs.

(A) Proteolytic cleavages of receptors can terminate their signaling by downregulating the
surface levels of functional full-length receptors. To grow past a repulsive Sema3A barrier,
Rat proprioceptive axons lose responsiveness to Sema3A as ADAM10 and ADAM17 cleave
the Sema3A receptor Nrp1. It is unclear if this cleavage is induced by Sema-3A binding or if
it happens constitutively without ligand stimulation. (B) ADAM-cleavage releases the ECDs
of guidance receptors to form membrane-tethered C-terminal stubs that can function as
active signaling molecules. (B1) In mouse thalamic neurons, CHL1 is recruited by Nrp1
upon Sema3A stimulation. BACE sheds the ECD of CHL1 to generate CHL1CTF which can
interact with ezrin-radixin-moesin (ERM) proteins to mediate growth cone collapse. The
signaling cascade is terminated when CHL1CTF is further cleaved by -secretase. (B2) In
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WT mouse spinal motor neurons, slit-activated Robo1 binds to full-length Dcc to silence
netrin1 response. When

-secretase function is inhibited, the accumulated Dcc stubs

preferentially bind to full-length Dcc to protect them against slit-Robo1 mediated inhibition
of netrin1 responsiveness. (C) -secretase cleavages of guidance receptors produce soluble
ICD fragments that can function inside the nucleus. In canonical Dcc signaling pathways,
netrin1 binding triggers the formation of a continuous netrin1-Dcc assembly which induces
local cytoskeletal rearrangements to mediate attraction or axon growth promotion. In
certain subpopulations of neurons, potential ligand binding initiates sequential proteolytic
cleavages of Dcc/Frazzled, neogenin and DSCAM, first by ADAMs and then by -secretase.
This process releases the ICD fragments that can translocate into the nucleus to regulate
gene transcription. The function of ICDs might require assistance from nuclear transport
carrier proteins (such as importin beta IPO5, which binds to DSCAM ICD) and DNA binding
proteins (such as the transcriptional regulator LMO4, which interacts with Neo1 ICD).
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Figure 1. 5. Different roles of Ena/VASP proteins in axon guidance signaling.

(A) BDNF stimulation induces dissociation of the complex of Mena, HnrnpK and Dyrk1a
mRNA resulting in disinhibition of translation of Dyrk1a. Mena can also regulate translation
of its own mRNA raising the potential for a positive feedback loop. (B) Robo recruits
Ena/VASP proteins in response to slit stimulation to facilitate an initial extension of
filopodia toward slit followed by retraction away from it possibly contributing to filopodial
sensing of the environment. (C) TRIM9-mediated ubiquitination of VASP inhibits its
function in filopodial formation although the mechanistic details are unclear. Netrin
stimulation results in TRIM67-mediated inhibition of TRIM9 and activation of deubiquitinating (DUB) enzyme that removes the ubiquitin moiety from VASP resulting in its
activation and promoting the growth of filopodia. Ub- Ubiquitin, DUB- De-ubiquitinating
enzyme.
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Figure 1. 6. Endosomal signaling in axon guidance.

(A) Some axon guidance receptors recruit effector molecules specifically at endosomal
membranes and generate a local signaling output which is distinct from that occurring at
the plasma membrane. Examples include Robo and SOS (since SOS activates Rac, it might be
good to add it to the cartoon), TrkA and Rac1, and NogoA△20 and RhoA. (B) Endosomes can
serve as platforms for the integration of signaling pathways. Independently, CasR and TrkB
show different phosphorylation profiles of their common downstream target, GSK3. Upon
coactivation, CasR and TrkB colocalize in late endosomes where CasR alters the GSK3
phosphorylation target sites of TrkB. (C) Post-internalization sorting into different
endosomal populations can contribute to diversity in signaling as different endosomal pools
have unique repertoires of effector molecules localized to them. Upon Sema3E binding,
plexin D1 is internalized and further sorted into recycling endosomes by GIPC where it
inactivates the R-ras population primarily expressed on the membranes of recycling
endosomes. Missorting of plexin D1 into late endosomes fails to elicit inactivation of R-ras.
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CHAPTER 2
ROBO RECRUITMENT OF THE WAVE REGULATORY COMPLEX
PLAYS AN ESSENTIAL AND CONSERVED ROLE IN MIDLINE
REPULSION
This chapter was published in the following article:
Chaudhari, K., Gorla, M., Chang, C., Kania, A., & Bashaw, G. J. (2021). Robo recruitment of the
Wave regulatory complex plays an essential and conserved role in midline
repulsion. eLife, 10, e64474. https://doi.org/10.7554/eLife.64474

The Roundabout (Robo) guidance receptor family induces axon repulsion in
response to its ligand Slit by inducing local cytoskeletal changes; however, the link to the
cytoskeleton and the nature of these cytoskeletal changes are poorly understood. Here, we
show that the heteropentameric Scar/Wave Regulatory Complex (WRC) which drives
Arp2/3-induced branched actin polymerization, is a direct effector of Robo signaling.
Biochemical evidence shows that Slit triggers WRC recruitment to the Robo receptor’s WIRS
motif. In Drosophila embryos, mutants of the WRC enhance Robo1-dependent midline
crossing defects. Additionally, mutating Robo1’s WIRS motif significantly reduces receptor
activity in rescue assays in vivo, and CRISPR-Cas9 mutagenesis shows that the WIRS motif is
essential for endogenous Robo1 function. Finally, axon guidance assays in mouse dorsal
spinal commissural axons and gain-of-function experiments in chick embryos demonstrate
that the WIRS motif is also required for Robo1 repulsion in mammals. Together, our data
support an essential conserved role for the WIRS-WRC interaction in Robo1-mediated axon
repulsion.
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Introduction
The brain is the most complex organ in the body, with trillions of specific synapses
whose formation depends on the precise targeting of axons and dendrites during nervous
system development. Axons are guided to their appropriate targets by a number of
conserved guidance cues and their receptors, which enable neurons to form specific
connections and establish functional neural circuits. The axon guidance receptors that
mediate axonal guidance and targeting are tightly regulated to achieve a controlled balance
between attractive and repulsive signaling and disruption of this process results in a
number of movement disorders and other neurological deficits (Bosley et al., 2005;
Depienne et al., 2011; Jen et al., 2004). Specifically, the Roundabout (Robo) family of
repulsive axon guidance receptors has been implicated in many neurodevelopmental
disorders like Autism Spectrum Disorder, Dyslexia, Horizontal Gaze Palsy and others
(Anitha et al., 2008; Hannula-Jouppi et al., 2005; Jen et al., 2004; Suda et al., 2011).
Elucidating the mechanisms by which these guidance receptors function is crucial for
understanding the formation of neural circuits both during development and in disease
pathogenesis.
The Drosophila midline is analogous to the vertebrate spinal cord and serves as an
intermediate target for commissural axons that cross from one side of the body to the other
(Klambt et al., 1991; Seeger et al., 1993). The Drosophila ventral nerve cord has a ladder-like
structure consisting of 13 repeated segments, each containing an anterior commissure and
a posterior commissure into which commissural neurons extend their axons to cross the
midline. Midline glial cells secrete a number of guidance cues that act on their cognate
receptors present on axon growth cones to induce attraction toward or repulsion away
from the midline. Slit is secreted by midline glia and acts as a repulsive ligand for the Robo
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family of receptors (Brose et al., 1999; Kidd et al., 1999; Kidd et al., 1998). There are three
Robo receptors in Drosophila and four in vertebrates. The Robo receptors are
transmembrane proteins with an ectodomain consisting of five immunoglobulin-like
domains and three fibronectin repeats, and an intracellular domain containing short, highly
conserved cytoplasmic (CC) motifs (Bashaw et al., 2000; Kidd et al., 1998). Robo1 induces
repulsion in growth cones of navigating axons primarily by modulating the actin
cytoskeletal network. Previous work has identified some downstream effectors for Robo1
including Ena, an uncapping protein for actin filaments (Bashaw et al., 2000), and Son of
Sevenless (SOS), a GEF for Rac1 (Yang and Bashaw, 2006). However, downstream signaling
of Robo1 is not completely understood, especially in relation to effectors that directly link
Robo1 to the actin cytoskeleton and the nature of cytoskeletal changes orchestrated by
Robo1. While it seems intuitive for repulsive signaling to induce depolymerization of the
actin network, a recent study reports that dorsal root ganglion axons first extend actin-rich
filopodia toward a source of Slit before retracting away from it (McConnell et al., 2016). This
challenges the prevailing notion that repulsive signaling primarily relies on actin
depolymerization and suggests that the actin rearrangements occurring downstream of
Robo1 are more nuanced and complex than previously thought. Indeed, several of the wellknown downstream effectors of Robo1 signaling, namely Ena and Rac1, are documented
enhancers of actin polymerization (Barzik et al., 2005; Ridley et al., 1992).
The Scar or WAVE regulatory complex (WRC) is a heteropentameric complex
consisting of five different proteins: Scar/WAVE, CYFIP/Sra1, Kette/Nap1, HSPC300/Brick1
and Abi (Eden et al., 2002). Scar or WAVE contains a VCA (verprolin homology, cofilin
homology, acidic) region and serves as a nucleation-promoting factor for Arp2/3 thereby
driving branched actin polymerization. While mammals have multiple orthologs of these
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proteins, Drosophila has single homologs of all five members of the complex, making it a
simpler, more tractable model system for studying the WRC. The WRC has been previously
implicated in axon guidance and targeting in Drosophila and C. elegans (Shakir et al., 2008;
Stephan et al., 2011; Xu and Quinn, 2012), however, if and how it is recruited and activated
downstream of guidance receptors is not known. Recent work identified a unique binding
site for the WRC known as the WRC-interacting receptor sequence (WIRS) motif (Chen et
al., 2014a). The WIRS motif is a short six amino-acid peptide sequence characterized by a
bulky hydrophobic residue at position one and a threonine or a serine at position three
followed by a phenylalanine at position four. The WIRS motif is present in a number of
transmembrane proteins including Robo1 (Chen et al., 2014a). Robo1 has a WIRS motif
between its CC0 and CC1 domains that is conserved across species, including humans.
Previously, the WIRS motif has been shown to be important for recruitment of the WRC by
neuroligins and SYG-1 in synapse formation (Chia et al., 2014; Xing et al., 2018) and for
neogenin function in maintaining the stability of adherens junctions (Lee et al., 2016). To
our knowledge, this study is the first to demonstrate a role for the WIRS-WRC interaction in
axon guidance.
Here, we show that the WRC is required for Slit-Robo1 repulsive signaling at the
Drosophila midline. We present evidence that Robo1 interacts with the WRC partially via its
WIRS motif and that this interaction is enhanced in the presence of Slit. We show that the
WIRS motif in Robo1 is important for its ability to induce ectopic repulsion in vivo. Using
rescue assays, we show that Robo1 also requires its WIRS motif to mediate repulsion in
ipsilateral axons in vivo. In addition, using CRISPR-Cas9-mediated mutagenesis, we show
that the WIRS motif is important for endogenous Robo1 function as mutating the
endogenous WIRS motif results in the complete loss of Robo1 repulsion at the midline.
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Finally, we use mouse dorsal spinal cord explants and growth cone collapse assays in mouse
commissural neurons, together with gain-of-function experiments in chick embryos to
demonstrate that the WIRS motif is also important for vertebrate Robo1 repulsive signaling.
We propose a model in which Slit binding induces recruitment of the WRC to the WIRS
motif of Robo1 where it functions in Robo1-mediated repulsion at the midline.
Results
The WRC interacts genetically with slit, robo1 and sos
WRC members are enriched in the Drosophila ventral nerve cord during embryonic
stages 12 to 17, encompassing the developmental window when midline crossing decisions
are being made (Schenck et al., 2004). To confirm these previously published observations,
we examined the expression of Scar by immunofluorescence and observed strong axonal
staining throughout embryonic stages when midline axon guidance occurs (Figure 2.1 –
figure supplement 1A). To investigate the potential role of the WRC in Slit-Robo repulsion at
the midline, we tested for genetic interactions between cyfip and hspc300, two members of
the WRC, and the Slit-Robo signaling pathway. In wild type embryos, FasII-positive
ipsilateral axons project longitudinally and never cross the midline (Figure 2.1A). In robo1
mutants, axons in the medial most Fas-II bundle frequently cross and re-cross the midline
resulting in a very strong ectopic crossing phenotype (Kidd et al., 1998); Figure 2.1B). In slit,
robo1/+ embryos, where the slit and robo1 gene dosage is reduced by half, the phenotype is
milder (Figure 2.1D). This represents a sensitized background in which we can detect
enhancers or suppressors of the Slit-Robo pathway (Chance and Bashaw, 2015; Coleman et
al., 2010; Fan et al., 2003; Hsouna et al., 2003). While we see no crossing errors in FasIIpositive axons in hspc300 mutants alone (Figure 2.1C), in the slit, robo1/+ sensitized

80

background, hspc300 mutants exhibit a significant enhancement of the ectopic crossing
defects (Figure 2.1E). These interactions are dosage sensitive as removing one copy of
hspc300 results in a moderate enhancement of crossing errors while removing both copies
of hspc300 results in a much stronger phenotype (Figure 2.1F). Similarly, we see almost no
crossing errors in FasII-positive axons in cyfip mutants alone (Figure 2.1G) however, in the
slit, robo1/+sensitized background (Figure 2.1H), cyfip mutants show a strong dosedependent enhancement of the ectopic crossing defects (Figure 2.1I and 2.1J). Strikingly,
removing both copies of cyfip in this background results in a very strong phenotype with
ectopic crossing defects in nearly 100% of segments, similar to the robo1 mutant phenotype
(Figure 2.1B and 2.1J). These ectopic crossing defects can be significantly rescued by the
transgenic expression of UAS-CYFIP using the pan-neuronal elav-Gal4 driver (Figure 2.1K
and 2.1L). This suggests that the neuronal function of CYFIP is important for Slit-Robomediated repulsion at the midline. It is important to note that zygotic hspc300 and cyfip
mutants, like mutants for all other members of the WRC, still have significant amounts of
the protein remaining due to maternal deposition (Schenck et al., 2004; Zallen et al., 2002).
This likely explains why these zygotic mutants have no phenotype on their own. This can be
seen in scar zygotic mutants where the overall Scar protein level is significantly reduced but
there is still a considerable amount of Scar protein remaining in central nervous system
(CNS) axons (Figure 2.1 – figure supplement 1B and 1C).
To determine whether CYFIP is required cell-autonomously, we examined a more
restricted subset of ipsilateral axons, the apterous (ap) axons. Just like FasII axons, ap axons
are sensitive to a partial loss of repulsion. Reducing the slit and robo1 gene dosage by half in
slit, robo1/+ embryos results in a mild phenotype where ectopic midline crossing of ap
axons is seen in approximately 40% of segments (Figure 2.1N and 2.1Q). Homozygous cyfip
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mutants in this sensitized background show a strong enhancement of the ectopic ap
crossing defects with 85% of segments exhibiting ectopic crossing (Figure 2.1O). We also
visualized all CNS axons using HRP and observed abnormal thickening and fusion of the
commissures, a phenotype which bears strong resemblance to robo1 mutants. Importantly,
ap-specific expression of UAS-CYFIP significantly rescues the ectopic ap crossing defects but
not the pan-neuronal HRP defects (Figure 2.1P and 2.1Q) providing strong support for a cell
autonomous role for CYFIP in Slit-Robo1 signaling. Together, these genetic data suggest that
the WRC functions in the Slit-Robo1 pathway at the Drosophila midline.
Previous work has identified Rac1 as an important effector of Robo1 signaling in
both Drosophila and mouse (Fan et al., 2003; Wong et al., 2001). SOS is a Rac-GEF, that
activates Rac1 downstream of Robo1 and is required for Robo1-mediated midline repulsion
(Chance and Bashaw, 2015; Yang and Bashaw, 2006). Since Rac1 is a well-known activator
of the WRC (Chen et al., 2017; Chen et al., 2010; Eden et al., 2002; Ismail et al., 2009), we
reasoned that Rac1 might be responsible for activating the WRC downstream of Robo1, and
that Rac1 and the WRC would function cooperatively in the same pathway to regulate
Robo1-mediated repulsion. Thus, we predicted that the simultaneous reduction of CYFIP
and the Rac-GEF, SOS, would greatly impair Robo1-mediated repulsion, resulting in axons
ectopically crossing the midline. As SOS is also maternally deposited (Yang and Bashaw,
2006), zygotic sos mutants show very mild ectopic crossing defects in approximately 15% of
segments (Figure 2.2A). In contrast, double mutants for sos and cyfip show a striking
phenotype in which FasII-positive axons ectopically cross the midline in over 80% of
segments (Figure 2.2B and 2.2C), a phenotype which bears strong resemblance to the robo1
mutant phenotype. In addition to examining the phenotype with FasII immunostaining, we
also visualized all CNS axons using HRP and observed frequent thickening and fusion of the
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anterior and posterior commissures, which again bears strong resemblance to robo1
mutants (Figure 2.2B). Thus, cyfip genetically interacts with sos to give a strong ectopic
crossing phenotype very similar to that seen in robo1 mutants, supporting the idea that
Rac1 and the WRC act cooperatively to regulate midline repulsion.
In Drosophila embryos, both Robo1 and, to a lesser extent, Robo2 contribute to
midline repulsion in response to Slit (Rajagopalan et al., 2000; Simpson et al., 2000). Indeed,
on their own robo2 mutants exhibit only mild phenotypes; however, robo1, robo2 double
mutants exhibit a complete collapse of all CNS axons at the midline, phenocopying the slit
mutant phenotype. Therefore, mutations in genes that contribute to robo1 repulsion would
be expected to strongly enhance the mild phenotype observed in robo2 mutants. In robo2
mutant embryos, FasII-positive axons ectopically cross the midline in approximately 17% of
segments (Figure 2.2D). In robo2, cyfip double mutant embryos, ectopic crossing defects are
greatly increased to approximately 75% of segments (Figure 2.2E and 2.2F) and axon
commissures are thicker and frequently fused, providing additional support for a role for
the WRC in midline repulsion. Taken together, these genetic interaction results strongly
suggest that the WRC functions in Slit-Robo1-mediated repulsive signaling at the midline.
The WIRS motif in Robo1 is important for its interaction with the WRC
The cytoplasmic tail of Robo1 contains a WIRS motif which is conserved in
vertebrates (Figure 2.3A). The purified cytoplasmic tail of human Robo1 directly interacts
with the WRC in pulldown assays via its WIRS motif (Chen et al., 2014a). To determine if
this WIRS-dependent interaction with the WRC is conserved in Drosophila Robo1, we
performed coimmunoprecipitation assays in Drosophila embryonic S2R+ cells (DGRC, #150)
using tagged constructs of Robo1 and HSPC300. The relatively small size of HSPC300
facilitated consistent levels of expression and reduced trial to trial variability. We found that
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Robo1 immunoprecipitated with HSPC300 indicating that Drosophila Robo1, like human
Robo1, can also interact with the WRC (Figure 2.3C). Next, we introduced point mutations
into the WIRS motif of Robo1 (Robo1DWIRS; Figure 2.3B) and found a significant decrease
in the amount of Robo1 that immunoprecipitated with HSPC300 (Figure 2.3C and 2.3E).
Thus, mutating the WIRS motif substantially disrupts the binding of Robo1 to the WRC
indicating that Robo1 interacts with the WRC partly via the WIRS motif. In contrast, the
previously published interaction data for human Robo1 (Chen et al., 2014a) showed that
mutating the WIRS motif completely abolishes binding to the WRC. We speculate that there
may be a small amount of indirect binding of Robo1 to the WRC via Ena or DOCK which are
known interactors of Robo1 (Bashaw et al., 2000; Fan et al., 2003). Previous work has
identified interactions between Ena and Abi (Chen et al., 2014b) and between the DOCK
homolog Nck and Nap1 (Kitamura et al., 1996). Both Abi and Nap1 are members of the
WRC. As the pulldown assay with human Robo1 was done using purified proteins, any
indirect binding will not be detected. Support for this notion comes from our
coimmunoprecipitation results of Robo2 and HSPC300. Drosophila Robo2 is structurally
similar to Robo1 except that it lacks the conserved cytoplasmic motifs CC2 and CC3 present
in Robo1 that serve as the interaction sites for Ena and DOCK (Bashaw et al., 2000; Fan et
al., 2003) (Figure 2.3 – figure supplement 1A). Indeed, we find that Robo2 can also interact
with HSPC300 though mutating the WIRS motif of Robo2 almost completely abolishes this
interaction (Figure 2.3 – figure supplement 1B and 1C). This result is consistent with the
idea that there might be indirect binding of the WRC to Robo1 via its interaction with other
WRC partners but not to Robo2 that lacks any such interactions.
Next, we wanted to test whether the Robo1-WRC interaction is regulated by the Robo
ligand Slit. We treated S2R+ cells with bath application of Slit-conditioned media (CM) and
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found a substantial increase in the interaction between Robo1 and HSPC300 as compared to
cells treated with mock-CM (Figure 2.3D and 2.3F). By contrast, Robo1DWIRS shows no
significant increase in binding to HSPC300 upon Slit-CM treatment. As there is significant
variability in the activity of Slit-CM with each preparation, we see different levels of
enhancement in binding obtained with each Slit treatment. Nevertheless, Slit application
consistently increases the interaction between Robo1 and HSPC300. These results suggest
that upon Slit binding, the WRC is recruited to Robo1 via its WIRS motif.
Finally, to test whether this interaction occurs in vivo, we performed coimmunoprecipitation assays using Drosophila embryonic protein lysates. We generated
transgenic flies using the GFP-tagged HSPC300 construct and HA-tagged Robo1 constructs.
The pan-neuronal elav-Gal4 driver was used to drive expression of UAS-HSPC300-GFP either
alone or with the wild type UAS-HA-Robo1 or UAS-HA-Robo1ΔWIRS transgenes in Drosophila
embryos. While wild type Robo1 co-immunoprecipitates with HSPC300, mutating the WIRS
motif results in a significant decrease in this binding (Figure 2.3G and 2.3H). These results
indicate that Robo1 interacts with the WRC in vivo as well and that this interaction is partly
dependent on the WIRS motif.
The WIRS motif is essential for Robo1 function in vivo
To test whether this interaction with the WRC is required for Robo1 function in vivo,
we compared the gain-of-function and rescue phenotypes of wild type Robo1 and
Robo1DWIRS in specific neuronal subsets in the Drosophila ventral nerve cord.

We

generated transgenic flies with wild type UAS-Robo1 or UAS-Robo1DWIRS constructs. Both
the transgenes are tagged with an HA epitope and inserted into the same genomic locus.
Immunostaining for HA shows that both transgenes are expressed at comparable levels
(Figure 2.4D and 2.4E). Using the eg-Gal4 driver we expressed these transgenes in eagle
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neurons, a subset of commissural neurons. Eagle neurons, visualized here using a GFP
reporter, consist of two populations: the EG population, which extends its axons in the
anterior commissure of a segment, and the EW population, which extends axons in the
posterior commissure (Figure 2.4A). Overexpression of wild type Robo1 in these neurons
causes ectopic repulsion from the midline, resulting in a strong gain-of-function phenotype
where almost all EW axons fail to cross the midline (Figure 2.4B). In contrast,
overexpression of Robo1DWIRS results in a significantly weaker gain-of-function phenotype
where EW axons in approximately 70% of segments fail to cross the midline (Figure 2.4C
and 2.4F). Thus, mutating the WRC interaction site on Robo1 hampers its ability to induce
ectopic repulsion in vivo.
Next, we assessed the ability of Robo1DWIRS to rescue the ectopic crossing defects of
FasII-positive axons seen in robo1 mutant embryos. Unlike in wild type embryos, where
FasII axons never cross the midline (Figure 2.4G), in robo1 mutants, axons in the medial
most fascicle freely cross and recross the midline in 100% of segments (Figure 2.4H). Reexpressing wild type Robo1 with the pan-neuronal driver elav-Gal4 restores the ipsilateral
projection pattern in most of the segments, lowering the frequency of ectopic crossing to
25% of segments (Figure 2.4I). In contrast, re-expression of Robo1DWIRS fails to rescue the
crossing defects in 70% of segments (Figure 2.4J and 2.4K). This indicates that in the
absence of a functional WIRS motif, Robo1 is not nearly as effective at restoring repulsive
signaling in ipsilateral axons in vivo. Altogether, these results suggest a role for the WIRS
motif in Robo1 repulsive signaling at the midline.
Mutating the endogenous WIRS motif disrupts Robo1 function in vivo
Our in vivo results obtained so far have relied on misexpression or overexpression
of Robo1 that likely is not subject to the adequate spatial and temporal regulation that is
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critical for guidance receptor function. Further, such unregulated high levels of Robo1
expression on the cell surface could potentially mask dysfunction in receptor activity. We
see this especially for the rescue experiments with our UAS-Robo1 transgenes. While the
difference in rescue activity between 5XUAS-Robo1 and 5XUAS-Robo1DWIRS is around 50%
(Figure 2.4K), performing this rescue assay with 10XUAS-Robo1 and 10XUAS-Robo1DWIRS
transgenes, which have double the number of UAS enhancer sites and express much higher
levels of the Robo1 variants, gives a much more modest difference of 13% (Figure 2.4 –
figure supplement 1A-1E). Indeed, in rescue experiments using 10XUAS-Robo1 transgenes,
we see strong gain of function effects that lead to both rescue of abnormal crossing of FasII
positive axons, as well as ectopic repulsion of commissural axons (Figure 2.4 – figure
supplement 1F-1J). Notably, the ectopic repulsion of commissural axons induced by the
10XUAS-Robo1DWIRS transgene is significantly weaker than the ectopic repulsion induced
by the wild-type receptor (Figure 2.4 – figure supplement 1H-1J). Given these caveats, we
sought to analyze the function of the WIRS motif in Robo1 signaling in a more endogenous
context. First, we performed a rescue assay with an HA-tagged genomic rescue construct of
robo1 that contains upstream and downstream regulatory regions of Robo1 in addition to
the Robo1 coding sequence (Brown et al., 2015). Transgenics created with this construct
show a Robo1 expression pattern that closely resembles that of endogenous Robo1 (Brown
et al., 2015). We mutated the WIRS motif in this robo1 genomic rescue construct and
inserted the transgene into the same genomic site as the wild type construct. Both
transgenes show comparable levels of Robo1 expression upon HA immunostaining (Figure
2.5 – figure supplement 1A and 1B). We tested the ability of these transgenes to rescue the
robo1 mutant phenotype in FasII-positive axons (Figure 2.5B). One copy of the wild type
robo1 genomic rescue construct (genRobo) was able to rescue ectopic crossing of FasII-
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positive axons in almost all segments with only 6% still showing defects (Figure 2.5C) while
robo1DWIRS genomic rescue construct (genRoboΔWIRS) was unable to rescue ectopic
crossing defects in over 70% of segments (Figure 2.5D and 2.5E). Similarly, for HRP stained
axons, the frequent thickening and fusion of the anterior and posterior commissures in
robo1 mutants (Figure 2.5B) can be rescued with the wild type genRobo but not with
genRoboΔWIRS (Figure 2.5C and 2.5D). These results, in more physiologically relevant
contexts, demonstrate a marked decline in Robo1 function upon disruption of the WRC
binding site.
Finally, using the CRISPR-Cas9 system, we mutated the WIRS motif in the
endogenous robo1 locus. We used a single guide RNA that targets the endogenous WIRS
motif and a single-stranded oligonucleotide template to introduce point mutations in the
WIRS motif (Figure 2.5 – figure supplement 2A. We sequenced the regions surrounding the
WIRS motif to verify that we had successfully mutated the WIRS motif without introducing
any unwanted frameshift mutations or deletions. While we found no frameshifts, we did
notice that our strategy had resulted in an unexplained loss of the smaller intron 16 (Figure
2.5 – figure supplement 2A). Since the genRobo constructs and the previously used robo
swap alleles (Spitzweck et al., 2010) that can restore Robo1 function fully, do not contain
any intronic sequences, we believe that it is extremely unlikely that the loss of this intron
affects Robo1 function. Next, we analyzed the phenotypes of both HRP and FasII-positive
axons in these roboDWIRS CRISPR embryos. We see a surprisingly strong ectopic crossing
phenotype in these embryos with defects in almost 100% of segments, showing that they
fully phenocopy the robo mutant embryos (Figure 2.5F and 2.5B). We were able to achieve a
near perfect rescue with the introduction of one copy of genRobo indicating that this
phenotype is not a result of any off-target effects arising from Cas9-mediated cleavage
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(Figure 2.5G and 2.5H). This result also supports our interpretation that the loss of intron
16 in our CRISPR allele has no effect on Robo1 function, since the genRobo construct does
not include any introns. As an additional control, we also tested whether the roboDWIRS
CRISPR mutations disrupt normal Robo1 expression. To investigate this, we immunostained
for Robo1 expression using a monoclonal Robo1 antibody. Unlike the robo mutants in which
no Robo1 protein can be detected (Figure 2.5 – figure supplement 2C and 2F), we see
substantial Robo1 staining in the roboDWIRS CRISPR mutants suggesting that the
phenotype is not due to a failure in protein production (Figure 2.5 – figure supplement 2D
and 2G). Unlike in wild type embryos where Robo1 expression is seen primarily on
longitudinal tracts and is downregulated on commissures (Figure 2.5 – figure supplement
2B and 2E), in the roboDWIRS CRISPR mutant embryos, we see Robo1 also being expressed
on commissures (Figure 2.5 – figure supplement 2D and 2G). While interesting, this
observation is not necessarily surprising to us as this altered Robo1 localization on
commissures has also been noted in previous studies when Robo1 signaling is disrupted
(Coleman et al., 2010). Altogether, our genomic Robo rescue assays and roboDWIRS CRISPR
mutant phenotypes strongly suggest an important role for the WIRS motif in Robo1
repulsive function in vivo.
The Arp2/3 complex interacts genetically with and physically with the Slit-Robo pathway
We have shown that the WRC is an important component of the Slit-Robo1 repulsive
pathway at the midline. But what happens after the WRC is recruited to Robo1? Is the WRC
acting via Arp2/3 to promote branched actin polymerization downstream of Robo1? To
address this question, we tested for genetic interactions between arpc2, a member of the
Arp2/3 complex and the Slit-Robo pathway. Similar to members of the WRC, arpc2 mutants
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alone have no ectopic crossing phenotype in FasII axons, however when introduced into the
slit, robo/+ sensitized background, arpc2 homozygous mutants show a significant
enhancement of the ectopic FasII crossing defects (Figure 2.6A-2.6C), suggesting that the
Arp2/3 complex functions in the Slit-Robo repulsive pathway. Additionally, when we
remove one copy of arpc2 together with one copy of cyfip, we again observe a significant
enhancement of the slit, robo/+ ectopic crossing defects (Figure 2.6 – figure supplement 1A1C). This genetic interaction between arpc2 and cyfip suggests a cooperative effect of the
WRC and Arp2/3 in the Slit-Robo1 signaling pathway at the midline. Next, we
overexpressed Robo1 in eagle neurons which results in a strong gain-of-function phenotype
where almost all EW neurons fail to cross the midline. In contrast, overexpressing Robo1 in
arpc2 mutants results in a small but significant suppression of this phenotype (Figure 2.6 –
figure supplement 1D-1F) that is similar to the suppression seen in cyfip mutants (Figure
2.6 – figure supplement 1G-1I), demonstrating a reduction in Robo1’s ability to induce
ectopic repulsion. Together, these genetic data strongly suggest that the Arp2/3 complex
functions in the Slit-Robo1 repulsive pathway.
To determine whether the Arp2/3 complex can physically interact with Robo, we
performed coimmunoprecipitation assays in Drosophila embryonic S2R+ cells using tagged
constructs of Robo1 and Arp3, another component of the Arp2/3 complex. We found that
Robo immunoprecipitated with Arp3 suggesting that the Arp2/3 complex can physically
interact with Robo (Figure 2.6D). We reasoned that if the Arp2/3 complex was being
recruited by the WRC to Robo, we would expect that mutating the WIRS motif would
disrupt this interaction between Arp2/3 and Robo. Indeed, we found a significant decrease
in the amount of RoboDWIRS that immunoprecipitated with Arp3 as compared to wild type
Robo (Figure 2.6D and 2.6E). Furthermore, we can detect an increase in the interaction
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between Robo and Arp3 in the presence of Slit-conditioned media as compared to mockconditioned media suggesting that similar to the WRC, the Arp2/3 complex is also recruited
to Robo in response to Slit. By contrast, RoboDWIRS shows no significant increase in
binding to Arp3 in the present of Slit, demonstrating that the WIRS motif is important for
this Slit-dependent recruitment of the Arp2/3 complex to Robo. Together, these
observations support the model that upon Slit binding, the WRC is recruited to the WIRS
motif of Robo and activated, which is in turn responsible for the recruitment of the Arp2/3
complex to facilitate cytoskeletal remodeling downstream of Robo. One possible outcome of
initiating localized actin polymerization is the endocytosis and recycling of transmembrane
receptors. Indeed, both Drosophila Robo as well vertebrate Robo1 have been previously
shown to undergo endocytosis following Slit stimulation (Chance and Bashaw, 2015;
Kinoshita-Kawada et al., 2019). Furthermore, the WRC has been shown to play a role in
initiating receptor endocytosis (Basquin et al., 2015; Xu et al., 2016). Thus, to further
evaluate the mechanism of WRC function in Slit-Robo signaling, we investigated whether
mutating the WIRS motif in Robo could disrupt signaling by preventing Robo endocytosis.
To address this question, we tested whether RoboDWIRS displays increased surface
localization compared to wild type Robo in both Drosophila embryonic neurons and in
cultured dorsal commissural neurons from mice. First, we tested whether Drosophila
embryos expressing the genomic HA-tagged Robo rescue transgenes display any difference
in surface localization. We dissected embryos live and visualized surface expression of Robo
by staining the N-terminal HA tag before fixation and permeabilization (Figure 2.6 – figure
supplement 2A). Surface Robo was quantified as the mean fluorescence intensity of HA
normalized to HRP. We observed no significant difference in the surface expression of Robo
and RoboDWIRS (Figure 2.6 – figure supplement 2B). We next cultured E12 mouse dorsal
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commissural neurons that were electroporated with either wild type MYC-tagged human
Robo1 (hRobo1) or MYC-tagged hRobo1DWIRS. Following a 30-minute bath application
with Slit, we visualized surface expression of hRobo1 by staining the N-terminal MYC tag
before fixation and permeabilization (Figure 2.6 – figure supplement 2C). Surface hRobo1
was quantified as the mean fluorescence intensity of MYC and the analysis was limited to
Robo3-positive commissural neurons. Here again, we observed no significant difference in
the surface localization of hRobo1 and hRobo1DWIRS (Figure 2.6 – figure supplement 2D)
suggesting that the WIRS motif has no detectable effect on Robo1 surface levels. Together,
these observations point to a non-endocytic role for the WRC in promoting Robo repulsion.
The WIRS motif is required for Slit-dependent repulsion in mouse spinal commissural axons
The WIRS motif in the Robo1 receptor is conserved in vertebrates, raising the
possibility for a potential role in vertebrate Robo1 signaling. Indeed, the cytoplasmic tail of
human Robo1 can bind to the WRC via its WIRS motif (Chen et al., 2014a). Thus, to address
the question of whether the WIRS motif is important for vertebrate Robo1 signaling, we
introduced point mutations into the WIRS motif of hRobo1 and performed gain-of-function
experiments with wild type hRobo1 and hRobo1DWIRS constructs. We electroporated E12
mouse spinal cords with wild type hRobo1 or hRobo1DWIRS, along with RFP as a reporter
for efficiency of electroporation and cultured dorsal spinal cord explants next to mock 293T
cell aggregates or cell aggregates expressing Slit (Figure 2.7A). We observe poor
penetration of the anti-MYC antibody in explants and hence use RFP as a measure of
electroporation efficiency. We observe comparable levels of RFP staining in explants (Figure
2.7 – figure supplement 1A). Explants cultured adjacent to mock cell aggregates show
uniform outgrowth on all sides of the explant (Figure 2.7B). In contrast, explants cultured
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adjacent to Slit-expressing aggregates show decreased outgrowth on the side proximal to
the Slit-expressing aggregate as compared to the distal side (Figure 2.7C). Explants
electroporated with wild type hRobo1 show an increased repulsive response to Slit with
even less outgrowth on the proximal side and a significantly lower proximal/distal
outgrowth ratio (Figure 2.7D and 2.7F). In contrast, explants electroporated with
hRobo1DWIRS show no such gain of function response to Slit and have a proximal/distal
outgrowth ratio similar to that seen for RFP electroporated explants (Figure 2.7E and 2.7F),
suggesting that the WIRS motif is important for the Slit-induced repulsive response of
vertebrate Robo1. Next, to assess whether the WIRS motif is also important for the
collapsing activity of Robo1 in response to Slit, we performed Slit-induced collapse assays
using dissociated E12 mouse dorsal spinal commissural neurons (Figure 2.7G and 2.7H). In
our control cultures, 38% of Robo3-positive commissural axons show collapsed growth
cones (Figure 2.7I). Following a 30-minute treatment with recombinant Slit2, we see an
increase in the collapse rate to 62%. Neurons electroporated with wild type MYC-tagged
hRobo1 show a further increase in collapse rate with 77% of Robo3- and MYC-positive
axons ending in collapsed growth cones. In contrast, we saw no increase in the number of
collapsed growth cones in neurons electroporated with MYC-tagged hRobo1DWIRS (Figure
2.7I) suggesting that the WIRS motif is also important for the Slit-induced collapsing activity
of Robo1. The hRobo1 variants show comparable levels of MYC staining in neurons (Figure
2.7 – figure supplement 1B and 1C).
To study the function of the Robo1 WIRS motif in an in vivo context, we examined its
role in commissural axon guidance in the embryonic chicken spinal cord. We reasoned that
unilateral expression of Robo1 in pre-crossing commissural neurons would prevent their
axons from crossing the floor plate by inducing a premature responsiveness to midline-
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secreted Slits (Brose et al., 1999; Long et al., 2004). To do this, we used in ovo
electroporation to introduce a GFP expression plasmid either alone (Control), or with MYCtagged wild type human Robo1 or human Robo1DWIRS expression constructs into precrossing commissural neurons at Hamburger-Hamilton (HH) stage 14 (Hamburger and
Hamilton, 1951). At HH stage 22-23, a “crossing index” was calculated by measuring GFP
and MYC signal in the contralateral side of the spinal cord as a fraction of GFP and MYC
signal on the electroporated side (Figure 2.8D). We found that ectopic expression of wild
type Robo1 and GFP resulted in a GFP crossing index of 0.21+/-0.13% (Mean+/-SD, n=6),
which was significantly less than that of GFP alone (Control), with a crossing index of 1.8+/1.1% (n=6, p=0.004), indicating that Robo1 expression was sufficient to block commissural
crossing (Figure 2.8A, 2.8B and 2.8E). Robo1DWIRS and GFP overexpression resulted in a
GFP crossing index of 0.68+/-0.60% (n=8), which was not significantly different from that of
wild type Robo1 (p=0.472; Figure 2.8C and 2.8E). However, quantification of the crossing
index based on the MYC tag fused to the wild type Robo1 and Robo1DWIRS constructs
resulted in a significantly higher MYC crossing index of Robo1DWIRS-expressing neurons
(1.7+/-0.97%, n=8), compared to that of wild type Robo1-expressing neurons (0.53+/0.36%, n=6, p=0.013; Figure 2.8F). The disparity between the effects of the WIRS mutation
calculated using GFP and MYC-based quantification may reflect a greater efficiency of GFP
plasmid transduction and expression, compared to the Robo1 expression constructs. These
data demonstrate a significant reduction in Robo1’s ability to prevent spinal commissural
crossing in the absence of the WIRS motif.
Altogether, the results from mouse dorsal spinal cord explants and dissociated
neuron cultures along with the in vivo experiments in chick embryos show that while
overexpression of wild type hRobo1 is able to enhance the repulsive response to Slit,
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mutating the WIRS motif in hRobo1 abolishes this gain-of-function response. These
observations indicate that the WIRS motif is important for vertebrate Robo1 signaling and
suggest an evolutionarily conserved role for the WIRS motif in Robo1 repulsive signaling.
Discussion
In this manuscript we have documented a conserved role for the WRC in Slitmediated Robo1 repulsive signaling. Using the developing Drosophila embryonic CNS, we
demonstrate a series of dose-dependent genetic interactions between components of the
WRC and Slit-Robo1 signaling which show that the WRC functions in vivo to regulate Robo1
repulsive signaling at the midline. Biochemical experiments in cultured cells show that
Robo1 can bind to the WRC partially via its WIRS motif and that Slit stimulation can induce
recruitment of the WRC to Robo1. Further, we present several lines of evidence to
demonstrate that the WIRS motif is important for Robo1 function in vivo. First, mutating the
WIRS motif results in a significantly weaker gain-of-function phenotype when Robo1 is
misexpressed in commissural axons. Second, the Robo1 variant with mutations in its WIRS
motif, fails to rescue the robo1 mutant phenotype as effectively as wild type Robo1. Finally,
mutating the WIRS motif in the endogenous robo1 locus using the CRISPR-Cas9 system
results in embryos with severe ectopic crossing defects that phenocopy robo1 mutants.
These data demonstrate a severe decline in Robo1 function upon disruption of the WRC
binding site. Together, our observations support the model that Slit stimulation results in
recruitment of the WRC to the WIRS motif in Robo1 which is vital to Robo1-mediated
repulsive signaling at the midline (Figure 2.9). Further, using genetic and biochemical
approaches, we show that the Arp2/3 complex functions in the Slit-Robo signaling pathway
and undergoes a WIRS-dependent recruitment to Robo1 in response to Slit. We propose
that downstream of Robo1, the WRC functions to recruit the Arp2/3 complex to initiate
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localized cytoskeletal remodeling. We also present several lines of evidence that support an
evolutionarily conserved role for the WIRS motif in vertebrate Robo1 signaling. First, we
show that Robo1∆WIRS is less effective at mediating repulsion in response to Slit in
explants from the mouse dorsal spinal cord. In addition, Robo1∆WIRS is less responsive to
the collapsing activity of Slit in dissociated spinal commissural axons. Finally, we show that
mutating the WIRS motif in human Robo1 results in a reduced ability to induce ectopic
repulsion in embryonic chicken commissural axons as compared to wildtype human Robo1.
These data highlight a vital conserved role for the WIRS motif in Robo1 function.
In this study, we used a series of complementary approaches to evaluate the
importance of the WIRS motif for Robo1 repulsive signaling. While it is generally assumed
that the high expression levels resulting from the Gal4/UAS system are unlikely to reflect
normal spatial and temporal regulation, it remains unclear to what extent this might
confound comparisons between different mutant variants of a given protein. Our results
with Robo1 indicate that Gal4-UAS/directed expression significantly hinders the detection
of critical structural elements of the receptor. For example, when using a pan-neuronal
driver to reintroduce Robo1 into the robo1 mutant embryos, we observe only very modest
differences between the wild type and WIRS mutant forms of overexpressed Robo1. In
contrast, we see much more severe phenotypes when the WIRS motif is disrupted under
conditions that more closely match the endogenous robo1 levels using the robo1 genomic
rescue constructs or when mutating the WIRS motif in the endogenous robo1 locus using
the CRISPR-Cas9 system. These direct comparisons between different assays to measure
protein function suggest that rescue experiments using the Gal4/UAS system must be
interpreted with caution. This also suggests that our results comparing the gain-of-function
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effects of Robo1 and Robo1∆WIRS in vertebrate systems are likely to underestimate the
significance of the WIRS motif and recruitment of the WRC for Robo1 repulsion.
Here, we have shown that the WRC is an important component of the Slit-Robo1
repulsive pathway at the midline. But what happens once the WRC is recruited to Robo1?
The VCA region of Scar/Wave is sequestered within the complex until activation, which
triggers a conformational change releasing the VCA domain (Chen et al., 2010; Ismail et al.,
2009). Rac1 is an important activator of the WRC and has been previously found to be
activated downstream of Robo1 in both Drosophila and mouse (Fan et al., 2003; Wong et al.,
2001). The genetic interaction between sos and cyfip suggests that these proteins function
cooperatively to regulate midline repulsion. We propose a model where the WRC is
recruited to the WIRS motif in response to Slit where it is activated by increased local Rac1
signaling. Active WRC can then promote Arp2/3 meditated actin assembly. Such a direct
interaction with the WRC via the WIRS motif would allow for localized WRC activity at
desired subdomains to achieve tighter spatiotemporal control and support directional actin
changes. At first glance, the initiation of actin polymerization downstream of Robo1 might
seem paradoxical, however, many repulsive guidance cues recruit downstream effectors
that enhance actin polymerization. One recent study demonstrates that dorsal root ganglion
neurons initially extend filopodia toward a source of Slit before retracting (McConnell et al.,
2016). The McConnell study highlights the nuanced and complex actin rearrangements that
occur downstream of guidance cues, which potentially contribute to sensing of the
environment for improved resolution of a guidance gradient. The WRC might play an
important role in the generation of these Slit-induced filopodia by initiating the formation of
branched actin filaments that are subsequently rebundled to form filopodia as suggested by
the convergent elongation model that supports a role for Arp2/3 in filopodia formation in
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neurons (Yang and Svitkina, 2011). Ena/VASP proteins, downstream effectors of Robo1, are
important for these Slit-induced filopodial extensions (McConnell et al., 2016) and on
account of their actin bundling activity are perfectly poised to orchestrate this actin
reorganization in order to drive filopodia formation. The WRC has also been shown to be
important for receptor endocytosis (Basquin et al., 2015; Xu et al., 2016) and another
possible outcome of initiating localized actin polymerization is the endocytosis and
recycling of Robo1. Indeed, previous work has demonstrated that endocytosis of Drosophila
Robo1 upon Slit stimulation is essential for Robo1 repulsive signaling (Chance and Bashaw,
2015) and that vertebrate Robo1 also undergoes endocytosis and recycling following Slit
stimulation (Kinoshita-Kawada et al., 2019) suggesting a conservation of this regulatory
mechanism. However, our data suggests that mutating the WIRS motif has no detectable
effect on the surface localization of Robo1 either in Drosophila or in cultured mouse
commissural neurons. Future studies are needed to decipher the exact nature and function
of the local actin remodeling induced by the Rac-WRC-Arp2/3 complex signaling axis
downstream of Robo1. Additionally, other known downstream effectors of Robo1 like Ena
and Abl have also been shown to influence WRC activity (Chen et al., 2014b; Leng et al.,
2005). It would thus be interesting to dissect how this inter-regulation between these
different components of Robo1 signaling contributes to fine-tuning of WRC activity to
generate a specific output for Slit-Robo1 repulsion.
Previously, the WIRS motif has been shown to be important in Neuroligins and Syg-1
for proper synapse formation (Chia et al., 2014; Xing et al., 2018) as well as in Neogenin for
the maintenance of adherens junctions (Lee et al., 2016). In these contexts, it is apparent
that the WRC reinforces the F-actin network at these membrane junctions. However, it is
unclear if the WIRS-WRC interactions are subject to regulation by the respective ligands or
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if the WRC performs more of a scaffolding function. In the context of axon guidance, our
work demonstrates a ligand-dependent recruitment of the WRC to the WIRS domain of
Robo1 suggestive of both spatial and temporal specificity of WRC activation. To our
knowledge, this study is the first to demonstrate that the WRC can be recruited to a
guidance receptor in response to a ligand.
In addition to functioning as part of the actin-regulating complex, WRC members
can have functions independent of the complex as well. For example, CYFIP proteins can
interact with fragile X mental retardation protein (FMRP) to regulate mRNA localization and
protein translation (Abekhoukh and Bardoni, 2014; Schenck et al., 2003; Schenck et al.,
2001) and Abi can interact with WASP and Diaphanous to regulate F-actin (Bogdan et al.,
2005; Ryu et al., 2009). While we cannot entirely rule out a role for WRC-independent
functions of these proteins in Robo1 signaling, several lines of evidence point to the
involvement of the WRC as a whole downstream of Robo1. First, two separate WRC
members, cyfip and hscp300, show genetic interactions with the Slit-Robo pathway. Second,
the physical interaction between Robo1 and HSPC300 is dependent on the WIRS motif
which requires a binding interface formed by CYFIP and Abi, that comes together only in the
fully assembled WRC (Chen et al., 2014a). Additionally, the strong midline crossing
phenotypes we see upon manipulating the WIRS motif suggests that it is indeed this
interaction with the fully assembled WRC that is important for Robo1 signaling in vivo.
Finally, we tested whether the Drosophila homolog of FMRP, dfmr1 genetically interacts
with the Slit-Robo1 pathway. In contrast to cyfip and hspc300, completely removing dfmr1
has no effect on the slit, robo transheterozygous phenotype (Figure 2.6 – figure supplement
1J). This data further supports a WRC-dependent function for cyfip in Slit-Robo signaling
and suggests that CYFIP/dFMR interactions are not important for Robo repulsion.
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Drosophila Robo1 has numerous functions in development outside of its role in
midline repulsion and the robo1DWIRS CRISPR mutants generated here also provide an
opportunity to discern which developmental functions of Robo1 require the WRC in future
studies. Robo1 regulates the migration of chordotonal sensory neurons (Kraut and Zinn,
2004) and mesodermal migration for muscle patterning (Kramer et al., 2001). Embryos
lacking robo1 show defects in heart lumen formation (Qian et al., 2005) and tracheal
migration (Englund et al., 2002). In mammals, Robo1 also plays important roles outside of
the nervous system, including the formation of blood vessels (Rama et al., 2015) and organs
like the heart (Mommersteeg et al., 2013) and the mammary glands (Macias et al., 2011),
and it can also regulate stem cell proliferation (Ballard et al., 2015). Finally, the Slit-Robo
pathway has been shown to regulate tumor angiogenesis along with tumor cell migration
and metastasis (Tong et al., 2019). Mis-regulation of Slit-Robo signaling has been implicated
in multiple types of tumorigenesis making it a promising target for cancer treatments
(Koohini et al., 2019). Such therapeutic avenues require a comprehensive understanding of
Slit-Robo signaling in specific cancers highlighting the importance of investigating the WRC
as a downstream effector of Robo in disease contexts as well.
In addition to Robo1, other Robo receptors also contain WIRS motifs in their
cytoplasmic domains. Drosophila Robo2 plays a minor role in midline repulsion and
together with Robo3 also regulates lateral positioning of the longitudinal fascicles (Evans
and Bashaw, 2010; Rajagopalan et al., 2000). As Robo2 and Robo3 do not contain CC2 and
CC3 domains, to which most of the known Robo1 effectors bind, very little is known about
their downstream signaling. Vertebrate Robo3 can induce repulsive signaling in response to
a recently identified ligand, NELL2 (Jaworski et al., 2015) Vertebrate Robo3 also contains a
WIRS motif in its cytoplasmic domain, raising the possibility that these Robo receptors
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could share a common cellular mechanism for repulsion, despite responding to distinct
ligands. Additionally, attractive axon guidance receptors like Fra and its vertebrate ortholog
Dcc, also contain WIRS motifs in their cytoplasmic domains. Unsurprisingly, many core actin
modifying proteins that act downstream of repulsive cues like Ena/VASP and Abl kinase,
also function in attractive signaling (Forsthoefel et al., 2005; Gitai et al., 2003). We can
speculate that the WRC might also function in both repulsion and attraction by regulating
different actin-based processes like membrane trafficking versus growth cone
advancement. Alternatively, as other studies have shown the importance of an initial
growth cone extension toward repulsive cues, it is likely that tight spatiotemporal activation
along with regulation by other effector molecules can result in fine-tuning of WRC activity
to contribute to distinct cytoskeletal outputs downstream of different guidance receptors.
Materials and Methods
Genetic stocks
The following Drosophila strains were used: w1118, roboGA285, slit2, sos4G, robo2x123, scarD37,
arpc2KG04658, apGal4, egGal4, UAS-CD8GFP II, UAS-TauMycGFP III, 10XUAS-HA-Robo1 86F8,
5XUAS-HA-Robo1 86F8. Fly strains hspc300D54.3, cyfipD85.1, and UAS-CYFIP were a kind gift
from A. Giangrande. The fmr13 strain was a kind gift from T. Jongens. The genomic robo1
rescue strain robo1::HArobo1 28E7 was a kind gift from T. Evans. The following transgenic
stocks

were

generated:

10UAS-HA-RoboDWIRS

86F8,

5UAS-HA-RoboDWIRS

86F8,

robo1::HArobo1DWIRS 28E7, 10UAS-HSPC300-GFP 86F8. Transgenic flies were generated by
BestGene Inc. (Chino Hills, CA) using FC31- directed site-specific integration into landing
sites at cytological position 86F8 (For UAS-Robo constructs) or 28E7 (for genomic robo1
rescue constructs). Genomic robo1::HArobo1DWIRS 28E7 rescue transgene was introduced
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onto a roboGA285 chromosome via meiotic recombination and the presence of theroboGA285
mutation was confirmed in all recombinant lines by DNA sequencing. The CRISPR line
robo1DWIRS was generated by cloning a guide targeting the WIRS motif into a pCFD3-dU6:3
backbone (Addgene, #49410) and sending positive clones to BestGene Inc. (Chino Hills, CA)
for injection. Flies were screened by PCR and restriction digest followed by DNA
sequencing. All crosses were carried out at 25°C.
Mice
Timed pregnant female CD-1 mice were obtained from Charles River. All animal work was
approved by the Institutional Animal Care and Use Committee (IACUC) of the University of
Pennsylvania. Embryos of both sexes were randomly used for spinal cord explants and
primary dissociated neuron cultures.
Chicken
All animal experiments were carried out in accordance with the Canadian Council on Animal
Care guidelines and approved by the IRCM Animal Care Committee and the McGill
University Animal Care Committee. Fertilized chicken eggs (FERME GMS, Saint-Liboire, QC,
Canada) were incubated (Lyon Technologies, model PRFWD) at 39 °C according to standard
protocols.
Dissociated commissural neuron culture
Primary commissural neuron cultures were prepared as described previously (Langlois
2010) and maintained at 5% CO2 in a humidified incubator. Briefly, commissural neurons
were isolated from E12.5 dorsal spinal cords and plated on acid-washed, Poly-D-Lysine
(Sigma, #P6407) and 2 μg/ml N-Cadherin (R&D, #1388-NC) coated coverslips. Neurons
were cultured in Neurobasal medium supplemented with 10% heat-inactivated FBS (Gibco,
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#10437-028) and 1X penicillin/streptomycin/glutamine (Gibco, #10378-016). After ~20 h,
the medium was replaced with Neurobasal supplemented with 1X B-27 (Thermo,
#A3582801) and the neurons were used for experiments one hour later.
Explant culture
Dorsal spinal cord explants from E12.5 embryos were dissected and cultured in collagen
gels as described previously (Serafini 1994). Briefly, explants were cultured in 50%
OptiMEM (Gibco, #31985-070) and 45% Ham’s F-12 (Gibco, #11765-054) media
supplemented with 5% horse-serum (Gibco, #16050122), 0.75% glucose (Thermo, #D16500) and 1X penicillin/streptomycin/glutamine for 48 h with 500ng/ml Netrin-1 (R&D,
#1109-N1/CF).
Cell culture
Drosophila S2R+ cells (DGRC, Cat#150) were maintained at 25oC in Schneider’s media (Life
Technologies, #21720024) supplemented with 10% (vol/vol) FBS and a mixture of 1%
Penicillin and Streptomycin. Morphology and doubling time were used for validation of the
cell line. The cells grow as a loose semi-adherent monolayer with a doubling time of about
40 hours. 293T cells (ATCC CRL-3216) were maintained at 37oC and 5% CO2 in a humidified
incubator in DMEM (Gibco, #11965084) supplemented with 10% (vol/vol) FBS and a
mixture of 1% Penicillin and Streptomycin. Cells were authenticated by STR profiling using
ATCC Cell Line Authentication services. Mycoplasma testing was negative for both cell lines.
Molecular biology
For making the p10UAST-HA-Robo1DWIRS, p10UAST-Robo1DWIRS-MYC and the p5UAST-HARobo1DWIRS constructs, the wild type Robo1 coding sequences from p10UAST-HA-Robo1,
p10UAST-Robo1-MYC and the p5UAST-HA-Robo1 constructs were subcloned into the smaller
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pBlueScript backbone and point mutations were introduced into the WIRS motif of the Robo
coding sequences with the Quikchange II site-directed mutagenesis kit (Agilent, #200523)
using the following primers: GACACCCGTAACGCTACCGCCGCCTACGCTTGTCGCAAG and
CTTGCGACAAGCGTAGGCGGTAGCGTTACGGGTGTC. The mutated Robo1 coding sequences
were then subcloned back into the respective vectors with 10xUAS or 5xUAS sequences and
an attB site for FC31- directed site-specific integration. A similar strategy was used for
making

p10UAST-Robo2DWIRS-MYC

using

the

following

primers:

ACCGACTATGCAGAGGCGTCCGCTGCTGGCAAGGCA
TGCCTTGCCAGCAGCGGACGCCTCTGCATAGTCGGT.

and
For

the

genomic

rescue

robo1::HArobo1DWIRS construct, the same Robo1 primers mentioned above were used to
mutate the WIRS motif using Quikchange and the mutated Robo1 coding sequence was
cloned into the genomic rescue construct backbone (kind gift from T. Evans) using BglII.
For

MYC-hRobo1DWIRS,

the

following

primers

were

AACAAAATCAATGAGGCGAAAGCCGCCAATAGCCCAAATCTGAAG

used

for

Quikchange:
and

CTTCAGATTTGGGCTATTGGCGGCTTTCGCCTCATTGATTTTGTT. Next, wild type MYC-hRobo1
and MYC-hRobo1DWIRS coding sequences were cloned into a pCAG vector (provided by A.
Kania) using NotI/XhoI sites. A signal peptide sequence was included upstream of the MYC
tag.
For making the p10UAST-HSPC300-GFP construct, hspc300 cDNA was PCR amplified from
the pOT2 BGDP Gold Collection (clone# FI14118) and tagged with a C-terminal GFP
separated by a linker using overlap extension PCR with the following primers:
TATATAGCGGCCGCCACCATGAGTGGGGCT and CGCGCGTCTAGATCACTTGTACAGCTCGTC
and overlapping primers GGTGAAACATTAACGGGACATATGGGAGGAATGGTGAGCAAGGGC
and
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GCCCTTGCTCACCATTCCTCCCATATGTCCCGTTAATGTTTCACC. This PCR fragment was then
cloned into a p10UAST plasmid containing an attB site using NotI/XbaI sites. For making the
p10UAST-Arp3-GFP construct, arp3 cDNA was PCR amplified from the pOT2 BGDP Gold
Collection (clone# LD35711) and cloned into the p10UAST-HSPC300-GFP vector described
above by swapping out the hspc300 insert using NotI/NdeI sites and the following primers:
TATATA-GCGGCCGC-CACC-ATGGCAGGCAGGCTAC

and

GGTCCATATGTGTCATGGTGCCAAAGACGGGATTGT.
CRISPR Cas9-mediated mutagenesis
For synthesizing the guide RNA to target the WIRS motif in the endogenous robo1 locus, the
following sense and antisense oligonucleotides were used: GTCGGCGTACGGCGTGGGATTAT
and AAACATAATCCCACGCCGTACGC. This guide RNA was selected with zero predicted offtarget effects using http://targetfinder.flycrispr.neuro.brown.edu. The oligos were
annealed and cloned into a BbsI-digested pCFD3-dU6:3 vector. A single-stranded
oligonucleotide template was designed to introduce point mutations into the WIRS motif.
These mutations also destroy the gRNA target sequence and the PAM sequence to prevent
subsequent cleavages by Cas9. An MfeI site is mutated which was used for screening
potential

CRISPR

flies.

The

sequence

of

the

template

used

is:

CAATCCAACTACAATAACTCCGATGGAGGAACCGATTATGCAGAAGTTGACACCCGTAATGCTAC
CGCCGCCTACGCTTGTCGCAAGGTGAGGATCATATGAATTGCATCACACAACAATTTC.The
template along with the pCFD3 vector containing the guide RNA was sent to BestGene Inc.
(Chino Hills, CA) for injection. The progeny from these flies were crossed to balancer stocks
to generate stable lines. Flies from these lines were then screened with MfeI following
genomic DNA extraction and positive hits were sent for DNA sequencing.
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Immunoprecipitation
S2R+ cells were transiently transfected with Effectene transfection reagent (Qiagen,
Valencia CA, #301425) and induced 24 hours later with 0.5mM copper sulfate. 24 hours
after induction, cells were lysed in TBS-V (150 mM NaCl, 10 mM Tris pH-8, 1 mM orthovanadate) supplemented with 0.5% Surfact-AMPS NP40 (Thermo, Waltham MA, #85124)
and 1x Complete Protease Inhibitor (Roche, #11697498001) for 20 min at 4oC. Soluble
proteins were recovered by centrifugation at 15,000 x g for 10 min at 4oC. Lysates were precleared with 30 μl of a 50% slurry of protein A (Invitrogen, #15918-014) and protein G
agarose beads (Invitrogen, #15920-010) by incubation for 20 minutes at 4 oC. Pre-cleared
lysates were then incubated with 0.7 μg of rabbit anti-GFP antibody for 2 hours at 4oC to
precipitate HSPC300-GFP. After incubation, 30 μl of a 50% slurry of protein A and protein G
agarose beads was added and samples were incubated for an additional 30 minutes at 4oC.
The immunocomplexes were washed three times with lysis buffer, boiled for 10 min in 2x
Laemmli SDS sample buffer (Bio-Rad, #1610737) and analyzed by western blotting.
Proteins were resolved by SDS-PAGE and transferred to nitrocellulose membrane
(Amersham, #10600032). Membranes were blocked with 5% dry milk and 0.1% Tween 20
in PBS for 1 h at room temperature and incubated with primary antibodies overnight at 4oC.
Following three washes with PBS/0.1% Tween 20, membranes were incubated with the
appropriate HRP-conjugated secondary antibody at room temperature for 1h. Signals were
detected using Clarity ECL (Bio-Rad, #1705061) according to manufacturer’s instructions.
For preparation of Slit-conditioned media (Slit-CM), cells were transfected with a pUAST-Slit
vector and a PMT-Gal4 vector using Effectene transfection reagent. Gal4 was induced 24
hours later with 0.5mM copper sulfate. 24 hours after induction, Slit-CM was collected and
concentrated using Amicon filters (Amicon Ultracel 30K, Millipore, #UFC903096). For CM
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treatment, cells were incubated with control-CM (prepared using an empty pUAST vector)
or Slit-CM on an orbital shaker at room temperature for 12 minutes, then lysed for
immunoprecipitation as described above. Antibodies used: for immunoprecipitation, rabbit
anti-GFP and for western blot, rabbit anti-GFP (1:500, Invitrogen, #a11122), mouse antiMYC (1:1000, DSHB, #9E10-C), mouse anti-Slit (1:50, DSHB, #C555.6D), HRP goat antirabbit (1:10,000, Jackson Immunoresearch, #111-035-003) and HRP goat anti-mouse
(1:10,000, Jackson Immunoresearch, #115-035-146).
For co-immunoprecipitation assays in Drosophila embryos, embryonic protein lysates were
prepared from approximately 100 μl of embryos overexpressing UAS-HSPC300-GFP alone or
with the HA-tagged UAS-Robo1variants in all neurons. Embryos were lysed in 0.5 ml TBS-V
(150 mM NaCl, 10 mM Tris pH 8.0, 1 mM ortho-vanadate) supplemented with 1% SurfactAMPS NP40 and protease inhibitors by manual homogenization using a plastic pestle.
Homogenized samples were incubated with gentle rocking at 4oC for 10 min and
centrifuged at 15,000 x g for 10 min in a pre-chilled rotor. Supernatants were collected after
centrifugation and immunoprecipitations and western blotting were performed as
described above. Antibodies used: for immunoprecipitation, rabbit anti-GFP (1:500,
Invitrogen, #a11122) and for western blot, rabbit anti-GFP (1:500, Invitrogen, #a11122),
mouse anti-HA (1:1000, BioLegend, #901502), mouse anti-beta tubulin (1:1000, DSHB,
#E7), HRP goat anti-rabbit (1:10,000, Jackson Immunoresearch, #111-035-003) and HRP
goat anti-mouse (1:10,000, Jackson Immunoresearch, #115-035-146).
Immunostaining
Dechorionated, formaldehyde-fixed Drosophila embryos were fluorescently stained using
standard methods. The following antibodies were used: rabbit anti-GFP (1:250, Invitrogen,
#a11122), mouse anti-HA (1:500, BioLegend,#901502), chick anti-beta gal (1:500, Abcam,
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#ab9361), mouse anti-Scar (1:50, DSHB, #P1C1), mouse anti-Robo (1:50, DSHB, #13C9),
Alexa647 goat anti-HRP (1:500, Jackson Immunoresearch, #123-605-021), Alexa488 goat
anti-rabbit (1:500, Invitrogen, #A11034), Alexa488 goat anti-mouse (1:500, Invitrogen,
#A11029), Alexa488 goat anti-chick (1:500, Invitrogen, #A11039), Cy3 goat anti-mouse
(1:500, Jackson Immunoresearch, #115-165-003), Cy3 goat anti-Chick (1:500, Abcam,
#ab97145) and 647 goat anti-HRP (1:1,000, Jackson Immunoresearch, #123-605-021).
Embryos were filleted and mounted in 70% glycerol/1xPBS. Surface staining of the HAtagged genomic Robo rescue transgenes in Drosophila embryos was carried out as
previously described (Bashaw, 2010). Briefly, embryos were dissected live, blocked with in
5% normal goat serum (NGS) in PBS for 15 min at 4oC and stained with mouse anti-HA
(1:500, BioLegend, #901502) in PBS for 30 min at 4oC. Following washes with PBS, embryos
were fixed in 4% paraformaldehyde (Electron Microscopy Services, #15710) for 15 min at
4oC. Following washes with PBS, fixed embryos were then permeabilized with 0.1% Triton
X-100 in PBS (PBT) for 10 min and stained with 647 goat anti-HRP (1:1,000, Jackson
Immunoresearch, #123-605-021) in 5% NGS in PBT overnight at 4oC. Following washes
with PBT, secondary antibody consisting of Alexa488 goat anti-mouse (1:500, Invitrogen,
#A11029) diluted in 5% NGS in PBT was added and incubated for 1 h at room temperature.
Embryos were then washed with PBT and mounted in Aquamount.
Dissociated spinal commissural neurons were fixed for 20 min in 4% paraformaldehyde
(Electron Microscopy Services, #15710) at room temperature and washed three times with
PBS. Fixed neurons were then permeabilized with 0.1% Triton X-100 in PBS (PBT) for 10
min and blocked with 2% horse serum (HS) in PBT for 30 min at room temperature. The
blocking solution was replaced with primary antibody diluted in 2% HS in PBT and
incubated overnight at 4oC. Following three washes with PBT, secondary antibody diluted in
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2% HS in PBT was added and incubated for 1 h at room temperature. Neurons were then
washed three times with PBT and the coverslips were mounted in Aquamount. The
following antibodies were used: mouse anti-MYC (1:500, DSHB, #9E10-C), goat anti-Robo3
(1:200, R&D systems, #AF3076), Cy3 donkey anti-goat (1:500, Jackson Immunoresearch,
#705-165-147) and 488 donkey anti-goat (1:500, Jackson Immunoresearch, #715-545150). For surface staining of MYC-tagged hRobo1 variants in dissociated commissural
neurons, neurons were treated with recombinant hSlit2-N (R&D, #5444-SL-050) at 2μg/ml
for 30 mins at 37oC, following which neurons were blocked in 5% NGS in PBS for 15 min at
4oC and stained with mouse anti-MYC (1:500, DSHB, #9E10-C) in PBS for 30 min at 4oC.
Following two washes with PBS, neurons were fixed in 4% paraformaldehyde (Electron
Microscopy Services, #15710) for 20 min at 4oC. Following washes with PBS, fixed neurons
were then permeabilized with 0.1% Triton X-100 in PBS (PBT) for 10 min and stained with
goat anti-Robo3 (1:200, R&D systems, #AF3076) in 5% NGS in PBT overnight at 4oC.
Following washes with PBT, secondary antibody consisting of 488 donkey anti-goat (1:500,
Jackson Immunoresearch, #715-545-150) and Cy3 donkey anti-goat (1:500, Jackson
Immunoresearch, #705-165-147) diluted in 5% NGS in PBT was added and incubated for 1
h at room temperature. Neurons were then washed with PBT and mounted in Aquamount.
Collagen-embedded explants were fixed in 4% paraformaldehyde overnight at 4oC and
washed three times for 10 min in PBS. Fixed explants were then blocked in 2.5% NGS in PBT
for 2 h at room temperature and incubated with primary antibody diluted in blocking
solution overnight at 4oC. Explants were washed six times for 1 h with PBT and incubated
with secondary antibody diluted in blocking solution overnight at 4oC. After 6 1 h washes
with PBT, explants were mounted on cavity slides. The following antibodies were used:
mouse anti-MYC (1:500, DSHB, #9E10-C), mouse anti-beta tubulin (1:300, DSHB, #E7),
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rabbit anti-dsRed (1:200, Takara, #632496), Alexa488 goat anti-mouse (1:500, Invitrogen,
#A11029) and Cy3 goat anti-rabbit (1:500, Jackson Immunoresearch, #111-165-003).
Fixed samples of Drosophila embryo nerve cords, mouse dissociated commissural neurons
and mouse dorsal spinal cord explants were imaged using a spinning disk confocal system
(Perkin Elmer) built on a Nikon Ti-U inverted microscope using a Nikon 40X objective (for
nerve cords and neurons) and a 10X objective (for explants) with Volocity imaging
software. Images were processed using NIH ImageJ software.
Electroporation of mouse embryos and primary neuron culture
E12.5 embryos were electroporated ex utero by injecting 100ng/μl DNA in electroporation
buffer (30mM HEPES pH7.5 (Thermo, #BP299-1), 300mM KCl (Thermo, #BP366-1), 1mM
MgCl2 (Thermo, #BP214-500) and 0.1% Fast Green FCF (Thermo, #F99-10)) into the
central canal of the neural tube. A BTX ECM 830 electroporator (BTX Harvard Apparatus,
#45-0662) was used for bilateral electroporation into spinal cord neurons (Five 30V pulses,
each of 50ms duration for each half of the spinal cord). Following electroporation, dorsal
spinal cords were dissected out and cut into explants for the explant outgrowth assay or
used for preparation of dissociated neuronal cultures. For neuron culture, dissected spinal
cords were washed in Hanks’ Balanced Salt Solution (HBSS, Gibco, #14175-079) and
digested with 0.05% trypsin (Gibco, #25300054) for 7 min at 37oC. 1μl of DNase I (NEB,
#M0303L) and 0.15% MgSO4 (Thermo, #7487-88-9) was added for an additional minute
and the samples were centrifuged at 400 x g for 4 min. Samples were washed with prewarmed HBSS and a small fire-polished Pasteur pipette was used to triturate the tissue and
dissociate it into single cells. Cells were plated on acid-washed, Poly-D-Lysine and NCadherin coated coverslips and cultured in plating media (Neurobasal (Gibco, #21103-049)
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medium

supplemented

with

10%

heat-inactivated

FBS

and

1X

penicillin/streptomycin/glutamine).
Explant outgrowth assay
Dorsal spinal cord explants form E12.5 mouse embryos were dissected and cultured in
collagen gels as previously described (Serafini 1994). Briefly, explants were embedded in
rat tail collagen (Corning, #354249) gels at a distance of one explant diameters away from a
mock 293T cell aggregate (ATCC, CRL-3216) or a cell aggregate expressing Slit (pSecTagBhSlit2-MYC, kind gift from A. Chedotal). Explants were grown in 50% OptiMEM and 45%
Ham’s F-12 media supplemented with 5% horse-serum, 0.75% glucose and 1X
penicillin/streptomycin/glutamine for 48 h with 500ng/ml Netrin-1. Explant were
subsequently fixed and stained as described above. For preparation of 293T cell aggregates,
cells were trypsinized and resuspended in a rat tail collagen solution, drawn into a glass
Pasteur pipette and allowed to polymerize. The collagen-embedded cells were released
from the pipette using a rubber bulb and the aggregates cut into 1 mm clusters.
Collapse assay
Dissociated commissural neurons from E12.5 mouse embryos were cultured in plating
media (Neurobasal medium supplemented with 10% heat-inactivated FBS and 1X
penicillin/streptomycin/glutamine) for 1 day in vitro. Plating media was replaced with
Neurobasal supplemented with 1X B-27 for 1 hour. Neurons were treated with recombinant
hSlit2-N (R&D, #5444-SL-050) at 2μg/ml for 30 mins at 37oC. Neurons were fixed
immediately and immunostained for Robo3 (a marker for commissural neurons) and MYC
to identify commissural neurons that had been successfully electroporated with the
hRobo1-MYC or hRobo1DWIRS-MYC expression constructs.
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Chicken in ovo electroporation
Chicken in ovo electroporations were carried out as previously described (Croteau et al.,
2019) at HH stage14 and embryos were harvested at HH stage 22-23. Chicken embryos
were electroporated with either pCAGGS, pCAGGS-hRobo1 wild type or pCAGGS-hRobo1
WIRS-deletion constructs combined with pN2-eGFP at a 4:1 DNA weight ratio. Spinal cords
were sectioned and stained with DAPI, anti-GFP (A11122, 1:5,000, Thermo Fisher) and antiMYC (9E10, 1:200, DSHB) antibodies.
Quantitation and statistical analysis
For analysis of Drosophila nerve cord phenotypes, image analysis was conducted blind to
the genotype. Data are presented as mean values ± S.E.M. For statistical analysis,
comparisons were made between two groups using the Student’s t-test. For multiple
comparisons, significance was assessed using one-way ANOVA with Tukey’s post hoc tests.
Differences were considered significant when p < 0.05. For quantitation of Scar intensity or
surface HA intensity in Drosophila embryos, mean gray value for Scar or HA was obtained
using ImageJ and normalized to the mean gray value for HRP. Data are presented as mean
values ± S.E.M. For statistical analysis, comparisons were made between two groups using
the Student’s t-test. Differences were considered significant when p < 0.05. For the collapse
assay, only Robo3-positive (and MYC-positive for neurons electroporated with hRobo1
variants) axons were imaged and analyzed. Growth cones were defined by the presence of
lamellipodia and/or filopodia. 3 trials were conducted and at least 30 neurons per condition
were scored in each trial. Data are presented as mean values ± S.E.M. For statistical analysis,
comparisons were made between groups using one-way ANOVA with Tukey’s post hoc tests.
Differences were considered significant when p < 0.05. To measure MYC signal intensity for
total hRobo1 or surface hRobo1 quantitation in dissociated neurons, Robo3-positive
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neurons were carefully traced in ImageJ and integrated signal density in the traced region
was obtained. Background signals were subtracted and mean fluorescence intensity
calculated as integrated signal density per area are presented in graphs. Data are presented
as mean values ± S.E.M. For statistical analysis, comparisons were made between two
groups using the Student’s t-test. Differences were considered significant when p < 0.05. For
the explant outgrowth assay, explants images were converted to black-and-white
composites using the Threshold function. Each experimental set was quantified using the
same threshold parameters. Explant quadrants were delineated by placing a right-angled
crosshair at the center of each explant with the proximal quadrant directly facing the cell
aggregate. The total area of black pixels was measured for the proximal and distal
quadrants using the Analyze Particles function. The particles showing axonal outgrowth
were then erased using the Eraser tool and the total area of black particles was measured
again. The difference was recorded as total area of axonal outgrowth. Next, the length of
each quadrant was measured by tracing the border of the quadrant using the Freehand Line
tool. Values for total area of outgrowth were normalized to length of the quadrant and these
final values were used to obtain the proximal/distal ratios for each explant. The
measurements for each explant in a set were averaged and the ratios of experimental
conditions compared with control condition were calculated. Data are presented as mean ±
SEM. Total number of explants for RFP control, RFP Slit, hRobo1 control, hRobo1 Slit,
hRobo1DWIRS control and hRobo1DWIRS Slit is 29, 39, 33, 39, 29 and 41 respectively (from
3 independent experiments). For statistical analysis, comparisons were made between
groups using one-way ANOVA with Tukey’s post hoc tests. Differences were considered
significant when p < 0.05. For western blots, densitometric analysis was performed and
band intensities of co-immunoprecipitating proteins in the immunoprecipitates were
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normalized to band intensities of HSPC300 in the immunoprecipitates as well as to lysate
levels of the co-immunoprecipitating proteins. For each independent experiment, values
were compared with wild type Robo1 normalized values. Data are presented as mean ±
SEM. For statistical analysis, comparisons were made between two groups using the
Student’s t-test. For multiple comparisons, significance was assessed using one-way ANOVA
with Tukey’s post hoc tests. Differences were considered significant when p < 0.05. For
analysis of crossing index in chicken embryos, fluorescence intensities were generated by
pixels above threshold using ImageJ. 5 sections of each embryo were analyzed. For GFP
crossing index, statistical significance was calculated using one-way ANOVA with post-hoc
multiple comparisons. And for MYC crossing index, unpaired t test was used. For all graphs,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
Data and software availability
Confocal stacks were collected using a spinning disk confocal system (Perkin Elmer) built
on a Nikon Ti-U inverted microscope with Volocity imaging software. Images were
processed using NIH ImageJ and Adobe Photoshop software. All statistics and graphs were
generated using GraphPad Prism 9.
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Figure 2. 1. The wave regulatory complex genetically interacts with slit and robo.

(A-E and G-K) Stage 17 Drosophila embryos stained with anti-FasII to label ipsilateral
axons. (A and C) Wild type and hspc300 homozygous mutant embryos show three FasIIpositive tracts that do not cross the midline. (B) robo homozygous mutants show severe
ectopic FasII crossing defects in 100% of segments (white arrowheads). (D) slit, robo
transheterozygous embryos show a mild loss-of-repulsion phenotype with ectopic FasII
crossing in 31% of nerve cord segments. (E) hscp300 homozygous mutants that are
simultaneously heterozygous for slit and robo show ectopic FasII crossing in significantly
more segments of the nerve cord (58%). (G) cyfip embryos have almost no ectopic crossing
defects and appear like wild type embryos. (H) Double heterozygous slit, robo embryos
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show a mild loss-of-repulsion phenotype with ectopic FasII crossing in 22% of nerve cord
segments. Removing (I) one and (J) two copies of cyfip in a slit, robo background results in a
dose dependent enhancement of the ectopic FasII crossing defects (30% and 95%,
respectively). (K) Driving UAS-CYFIP expression in neurons using the pan-neuronal elavGal4 driver results in a partial rescue of the ectopic FasII crossing defects (60%). (F and L)
Quantitation shows the percentage of segments in which FasII axons ectopically cross the
midline. Data are presented as mean ± SEM, number of embryos, n = 15, 10, 15, 15, 12 (for
F) and 17, 27, 13, 21, 12 (for L). Significance was assessed using one-way ANOVA with
Tukey’s multiple comparisons test. (M-P) Stage 17 embryos carrying apGal4 and UASCD8GFP transgenes stained with anti-GFP which labels the apterous (ap) cell bodies and
axons and anti-HRP which labels all CNS axons. (M) Wild type embryos show ap axons that
normally project ipsilaterally without crossing the midline. (N) Double heterozygous slit,
robo embryos show a mild ectopic ap crossing phenotype of 39% (yellow arrowheads)
while HRP depicts a wild type arrangement of longitudinal and commissural axon
pathways. (O) cyfip homozygous mutants in a slit, robo background show a strong
enhancement of the ectopic ap crossing defects to 85% and HRP shows abnormal
thickening and fusion of the commissures (asterisk). (P) Apterous-specific expression of
UAS-CYFIP significantly rescues the ectopic ap crossing defects (57%) but not the panneuronal HRP defects. (Q) Quantitation shows percentage of segments with ectopic
apterous crossing defects. Data are presented as mean ± SEM, number of embryos, n = 12,
13, 15, 13. Significance was assessed using one-way ANOVA with Tukey’s multiple
comparisons test. Scale bars in A and M represent 20µm.
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Figure 2. 2. The wave regulatory complex genetically interacts with sos and robo2.

(A, B, D, E) Stage 17 embryos stained with anti-FasII and anti-HRP. (A) sos embryos show
mild ectopic crossing defects of 15% in FasII axons (arrowheads) and no phenotype in HRP.
(B) Simultaneous removal of sos and cyfip results in a very strong enhancement of the
ectopic FasII crossing defects to 82% and a strong HRP phenotype with thickening and
fusion of commissures (asterisk). Similarly, (D) robo2 mutants show mild ectopic crossing
defects of 17% in FasII axons and a mildly disorganized axon scaffold in HRP while (E)
double mutants for robo2 and cyfip show strong ectopic FasII crossing defects of 77% and
thickening and fusion of commissures in HRP. (C and F) Quantitation shows the percentage
of segments in which FasII axons ectopically cross the midline. Data are presented as mean
± SEM, number of embryos, n = 15 and 16 (for E) and 20 and 9 (for F). Significance was
assessed using Student’s t-test. Scale bars in A and D represent 20µm.
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Figure 2. 3. Slit-dependent recruitment of the WRC to Robo1 requires the WIRS motif.

(A) Sequence alignments of the cytoplasmic tail of Robo1 showing that the WIRS motif is
conserved across species. (B) Schematic depicting the residues of the WIRS motif that are
mutated in the Robo1ΔWIRS variant. (C) Drosophila S2R+ cell lysates co-expressing
HSPC300-GFP with either wild type Robo1-MYC or Robo1ΔWIRS-MYC were
immunoprecipitated with an anti-GFP antibody. The first three lanes show the individual
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proteins expressed alone. The fourth lane shows wild type Robo1 co-immunoprecipitating
with HSPC300 while the fifth lane shows that mutating the WIRS motif decreases this
binding. (D) Cell lysates were immunoprecipitated with anti-GFP following a 12-minute
bath application of mock conditioned media or conditioned media obtained from Slitexpressing cells. The interaction between wild type Robo1 and HSPC300 is increased in the
presence of Slit however no significant increase is noted with Robo1ΔWIRS. (E and F)
Quantitation of band intensities of the MYC-tagged Robo1 variants in the
immunoprecipitates normalized to wild type Robo1-MYC. Data were normalized to lysate
levels of the Robo1 variants and HSPC300 levels in the immunoprecipitates. Error bars
represent SEM. Number of trials, n = 4. Significance was assessed using Student’s t-test (for
E) and one-way ANOVA with Tukey’s multiple comparisons test (for F). (G) Lysates from
Drosophila embryos with elavGal4 pan-neuronally driving the expression of HSPC300-GFP
alone (lane 1), with wild type HA-Robo1 (lane 2) or with HA-Robo1ΔWIRS (lane 3), were
immunoprecipitated with anti-GFP. Wild type Robo1 co-immunoprecipitates with HSPC300
and mutating the WIRS motif decreases this binding. (H) Quantitation of band intensities of
the HA-tagged Robo1 variants in the imunnoprecipitates normalized to wild type HARobo1. Data were normalized to the lysate levels of the Robo1 variants and HSPC300 levels
in the immunoprecipitates. Error bars represent SEM. Number of trials, n = 5. Significance
was assessed using Student’s t-test.
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Figure 2. 4. The WIRS motif is essential for Robo1 function in vivo.

(A-C) Stage 16 Drosophila embryos carrying egGal4 and UAS-TauMycGFP transgenes stained
with anti-GFP which labels cell bodies and axons of the eagle neurons (EG and EW). EG
neurons project through the anterior commissure of each segment while EW neurons
project through the posterior commissure. (A) EW neurons cross in 100% of segments in
wild type embryos. (B) Misexpression of wild type HA-tagged Robo1 in eagle neurons
results in a strong disruption of midline crossing where EW axons fail to cross in almost all
segments of the nerve cord (93%; asterisk). (C) Misexpressing HA-tagged Robo1ΔWIRS
results in a significantly milder disruption with fewer segments showing EW non-crossing
defects (71%). (D and E) Embryos stained with anti-HA show comparable expression of the
HA-tagged Robo1 variants that were inserted into the same genomic locus. (F) Quantitation
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shows the percentage of segments in which EW axons fail to cross the midline. Data are
presented as mean ± SEM, number of embryos, n = 17, 13, 23. Significance was assessed
using one-way ANOVA with Tukey’s multiple comparisons test. (G-J) Stage 17 embryos
stained with anti-FasII and anti-HRP. (G) Wild type embryos show no ectopic FasII crossing
defects and no phenotype in HRP. (H) robo mutants show severe ectopic FasII crossing
defects in 100% of segments (arrowheads) and a strong HRP phenotype with thickening
and fusion of commissures (asterisk). (I) Pan-neuronal expression of wild type 5XUASRobo1 significantly rescues the robo mutant phenotype in FasII (to 25%) as well as HRP
however (J) 5XUAS- Robo1ΔWIRS fails to rescue the robo mutant phenotype as efficiently as
wild type Robo1 with frequent ectopic crossing in FasII (71%) and thickened commissures
in HRP still evident in these embryos. (K) Quantitation shows the percentage of segments in
which FasII axons ectopically cross the midline. Data are presented as mean ± SEM, number
of embryos, n = 11, 14, 15. Significance was assessed using one-way ANOVA with Tukey’s
multiple comparisons test. Scale bars in A and G represent 20µm.
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Figure 2. 5. Mutating the endogenous WIRS motif disrupts Robo1 function in vivo.

(A-D) Stage 17 embryos stained with anti-FasII and anti-HRP. (A) Wild type embryos
showing no phenotype in FasII or HRP. (B) robo mutants show severe ectopic FasII crossing
defects in 100% of segments (arrowheads) and a strong HRP phenotype with thickening
and fusion of commissures (asterisk). (C) The strong FasII and HRP phenotypes seen in
robo mutant embryos can be completely rescued with one copy of a wild type genomic
Robo1 rescue construct (genRobo) that contains additional upstream and downstream
regulatory regions of robo1, more closely mimicking the endogenous Robo1 expression
pattern (8%). (D) In contrast, the genomic Robo1 rescue construct containing mutations in
the WIRS motif of Robo1 (genRoboΔWIRS) fails to rescue the robo mutant phenotype in
both FasII (77%) and HRP. (E) Quantitation shows the percentage of segments in which
FasII axons ectopically cross the midline. Data are presented as mean ± SEM, number of
embryos, n = 14, 11, 16, 16. Significance was assessed using one-way ANOVA with Tukey’s
multiple comparisons test. (F and G) Stage 17 embryos stained with anti-FasII and antiHRP. (F) CRISPR embryos with mutations in the endogenous WIRS motif of robo1 show
severe phenotypes in FasII and HRP bearing strong resemblance to robo mutants. (G) The
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phenotypes seen in these CRISPR roboΔWIRS embryos can be completely rescued with one
copy of the wild type genomic Robo1 rescue construct (8%). (H) Quantitation shows the
percentage of segments in which FasII axons ectopically cross the midline. Data are
presented as mean ± SEM, number of embryos, n = 14, 11, 14, 20. Significance was assessed
using one-way ANOVA with Tukey’s multiple comparisons test. Scale bars in A and F
represent 20µm.
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Figure 2. 6. The Arp2/3 complex interacts genetically and physically with the SlitRobo pathway.

(A and B) Stage 17 Drosophila embryos stained with anti-FasII and anti-HRP. (A) slit, robo
transheterozygous embryos show a mild loss-of-repulsion phenotype with ectopic FasII
crossing in 31% of nerve cord segments (arrowheads). (B) arpc2 homozygous mutants that
are simultaneously heterozygous for slit and robo show ectopic FasII crossing in
significantly more segments of the nerve cord (55%). (C) Quantitation shows the
percentage of segments in which FasII axons ectopically cross the midline. Data are
presented as mean ± SEM, number of embryos, n = 15 and 20. Significance was assessed
using Student’s t-test. Scale bar in A represents 20µm. (D) Drosophila S2R+ cell lysates coexpressing Arp3-GFP with either wild type Robo1-MYC or Robo1ΔWIRS-MYC were
immunoprecipitated with an anti-GFP antibody. The first two lanes show the individual
Robo1 variants expressed alone. The third lane shows wild type Robo1 coimmunoprecipitating with Arp3 while the fourth lane shows that mutating the WIRS motif
decreases this binding. Asterisk indicates non-specific bands. (F) Cell lysates were
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immunoprecipitated with anti-GFP following a 12-minute bath application of mock
conditioned media or conditioned media obtained from Slit-expressing cells. The
interaction between wild type Robo1 and Arp3 is increased in the presence of Slit however
no significant increase is noted with Robo1ΔWIRS. (E and G) Quantitation of band
intensities of the MYC-tagged Robo1 variants in the immunoprecipitates normalized to wild
type Robo1-MYC. Data were normalized to lysate levels of the Robo1 variants and Arp3
levels in the immunoprecipitates. Error bars represent SEM. Number of trials, n = 7.
Significance was assessed using Student’s t-test (for E) and one-way ANOVA with Tukey’s
multiple comparisons test (for G).
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Figure 2. 7. The WIRS motif is required for Slit-dependent Robo1 repulsion in mouse
spinal commissural axons.

(A) Schematic of electroporation and culture of spinal cord explants. Dotted lines show cut
sites to obtain dorsal spinal cord explants. The image on the right depicts the arrangement
of explants cultured around a 293T cell aggregate (control or Slit-expressing) embedded in
collagen. (B-E) E12 dorsal spinal cord explants labeled with anti-Tubulin to visualize axon
outgrowth. Dotted lines indicate the position of the cell aggregate. (B) RFP electroporated
explant cultured next to a mock cell aggregate shows uniform outgrowth on all sides of the
explant. (C) RFP electroporated explant cultured next to a Slit-expressing cell aggregate
shows decreased outgrowth on the quadrant proximal to the aggregate as compared to the
quadrant distal to it (0.47). (D) Explant electroporated with wild type hRobo1 cultured next
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to a Slit-expressing cell aggregate shows even less outgrowth on the proximal quadrant
demonstrating increased responsiveness to Slit (0.14). (E) Explant electroporated with
hRobo1ΔWIRS cultured next to a Slit-expressing cell aggregate shows no such increase in
Slit responsiveness as the proximal: distal outgrowth ratio is similar to that seen for RFP
electroporated explants (0.54). (F) Quantification shows the proximal:distal outgrowth
ratio for explants cultured next to control cell aggregates (white) and Slit-expressing cell
aggregates (grey). Data are presented as mean ± SEM, number of explants, n = 29, 39, 33, 39,
29, 41 (from 3 independent experiments). Significance was assessed using one-way ANOVA
with Tukey’s multiple comparisons test. (G and H) Growth cone collapse in response to Slit
in E12 dissociated commissural axons. Growth cone morphology was examined by staining
for the commissural marker Robo3. (I) Quantification shows percentage of axons with
collapsed growth cones. Unelectroporated neurons show an increased level of collapse
when treated with Slit (from 38% without Slit to 62% with bath application of Slit).
Neurons electroporated with wild type hRobo1 show a gain-of-function response to Slit
with an even higher collapse level (77%). In contrast, neurons electroporated with
hRobo1ΔWIRS show no gain-of-function and a collapse level similar to unelectroporated
neurons (52%). For neurons electroporated with the MYC-tagged hRobo1 variants, only
Robo3- and MYC- positive axons were analyzed. Data are presented as mean ± SEM, number
of trials, n = 3 (over 30 neurons for each condition/trial). Significance was assessed using
one-way ANOVA with Tukey’s multiple comparisons test. Scale bars represent 100µm in B
and 5µm in G.
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Figure 2. 8. The WIRS motif is required for vertebrate Robo1-mediated ectopic
repulsion in vivo.

(A-C) Transverse sections of HH stage 22-23 chicken spinal cords electroporated with GFP
alone or together with MYC-tagged hRobo1 or hRobo1ΔWIRS and stained with DAPI, antiGFP and anti-MYC. (A) Electroporation of GFP alone shows numerous GFP-positive axons
crossing the midline with a GFP crossing index of 1.8%. (B) Electroporation of GFP together
with MYC-hRobo1 shows far fewer GFP-positive axons crossing the midline and very few
MYC-positive axons on the contralateral side, with GFP and MYC crossing indices of 0.21%
and 0.53%, respectively. (C) In contrast, electroporation of GFP along with MYChRobo1ΔWIRS shows substantially more GFP- and MYC-positive axons crossing the midline
with higher GFP and MYC crossing indices of 0.68% and 1.7%, respectively. (D) Crossing
index (signal) is the GFP or MYC fluorescence signal in the contralateral side of the spinal
cord expressed as a fraction of total GFP or MYC fluorescence signal in the electroporated
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side. (E and F) Quantitation of crossing index for GFP and MYC signal. Data are presented as
mean ± SEM, number of embryos, n = 6, 6, 8 (for E) and 6, 8 (for F). Significance was
assessed using one-way ANOVA with Tukey’s multiple comparisons test (for E) and
Student’s t-test (for F). Scale bar represents 100µm in A.
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Figure 2. 9. A model of WRC function in Robo1 signaling.

In our proposed model, the WRC binds to Robo1 partly via its WIRS motif. Rac1 is activated
downstream of Robo1 (Fan et al., 2003; Wong et al., 2001) which likely activates the
complex. Slit binding induces increased WIRS-dependent recruitment of the WRC to Robo1
which is vital to Robo1-mediated repulsive signaling. WRC functions downstream of Robo1
by activating Arp2/3 to remodel the actin cytoskeleton. We hypothesize that these WIRSWRC mediated actin rearrangements are more likely to facilitate an initial extension of Slitinduced filopodia than endocytosis or recycling of the Robo1 receptor.
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Figure 2.1 – figure supplement 1. Scar expression in wild type and scar mutant
embryos.

(A) Wild type embryos across developmental stages 12 to 17 stained with anti-Scar and
anti-HRP show Scar enrichment in developing CNS axons. (B) Stage 16 wild type and scar
mutant embryos stained with anti-Scar and anti-HRP. Scar protein levels are reduced in scar
mutant embryos. (C) Quantification of relative fluorescence intensity of Scar in CNS axons of
stage 16/17 embryos calculated as Scar fluorescence intensity normalized to HRP
fluorescence intensity. Data are presented as mean ± SEM, number of embryos, n = 7, 6.
Significance was assessed using Student’s t-test. Scale bars in A and B represent 20µm.
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Figure 2.3 – figure supplement 1. Robo2 interaction with the WRC is entirely
dependent on its WIRS motif.

(A) Schematic of Drosophila Robo1 and Robo2 receptors. Both Robo1 and Robo2 have a
WIRS motif between CC0 and CC1 but Robo2 lacks the CC2 and CC3 motifs that are present
in Robo1. (B) Drosophila S2R+ cell lysates co-expressing HSPC300-GFP with either wild
type Robo2-MYC or Robo2ΔWIRS -MYC were immunoprecipitated with an anti-GFP
antibody. The first three lanes show the individual proteins expressed alone. The fourth
lane shows wild type Robo2 co-immunoprecipitating with HSPC300 while the fifth lane
shows that mutating the WIRS motif completely abolishes this binding. (C) Quantitative
representations of band intensities of the MYC-tagged Robo2 variants in the
immunoprecipitates normalized to wild type Robo2-MYC. Data were normalized to lysate
levels of the Robo2 variants and HSPC300 levels in the immunoprecipitates. Error bars
represent SEM. Number of trials, n = 2. Significance was assessed using Student’s t-test. (D)
Western blotting of proteins harvested from the media of Drosophila S2R+ cells transfected
with or without a Slit construct with an anti-Slit antibody reveals low levels of Slit in mock
conditioned media.

132

Figure 2.4 – figure supplement 1. 10XUAS-Robo1 rescue of the robo mutant
phenotype.

(A-D) Stage 17 embryos stained with anti-FasII. (A) Wild type embryos show no phenotype
in FasII. (B) robo mutants show severe ectopic FasII crossing defects in 100% of segments
(arrowheads). (C) Pan-neuronal expression of wild type 10xUAS-Robo1 completely rescues
the robo mutant phenotype in FasII. (D) Pan-neuronal expression of 10xUAS-Robo1ΔWIRS
results in a mildly weaker rescue with a small number of FasII bundles still crossing the
midline. (E) Quantitation shows the percentage of segments in which FasII axons ectopically
cross the midline. Data are presented as mean ± SEM, number of embryos, n = 14, 11, 16, 18.
Significance was assessed using one-way ANOVA with Tukey’s multiple comparisons test.
(F-I) Stage 17 embryos stained with anti-HRP. (F) Wild type embryos show no phenotype in
HRP. (G) robo mutants show a strong HRP phenotype with thickening and fusion of
commissures (asterisk). (H) Pan-neuronal expression of wild type 10xUAS-Robo1 gives the
opposite phenotype with strong ectopic repulsion of commissural axons resulting in
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segments with a complete absence of commissures (arrows). (I) In contrast, pan-neuronal
expression of 10xUAS-Robo1ΔWIRS shows a significantly reduced ability to induce ectopic
repulsion in commissural axons resulting in much fewer segments with missing
commissures. (J) Quantitation shows the percentage of segments with missing
commissures. Data are presented as mean ± SEM, number of embryos, n = 16, 18.
Significance was assessed using Student’s t-test. Scale bar in A represents 20µm.
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Figure 2.5 – figure supplement 1. Comparable expression of the genomic rescue
transgenes.

(2) Stage 17 embryo expressing the genomic HA-tagged Robo rescue transgene stained

with anti-HA and anti-HRP. The HA expression pattern closely resembles that of
endogenous Robo. (B) Stage 17 embryo expressing the genomic HA-tagged
RoboΔWIRS rescue transgene shows comparable HA staining to wildtype genomic
HA-tagged Robo.
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Figure 2.5 – figure supplement 2. Schematic for CRISPR-Cas9 mutagenesis and Robo1
staining in CRIPR roboΔWIRS embryos.

(A) Schematic for CRSIPR-Cas9 mutagenesis of the WIRS motif in the endogenous robo1
locus. Four amino acids in the WIRS motif were mutated and deletion of the small intron 16
occurred during mutagenesis. (B-D) Stage 14 embryos stained with anti-Robo1 and antiHRP. (E-G) Stage 17 embryos stained with anti-Robo1 and anti-HRP. (B and E) Wild type
embryos show Robo1 staining enriched in the longitudinal tracts and no HRP phenotype. (C
and F) robo mutant embryos show a complete loss of Robo1 staining along with a strong
loss-of-repulsion phenotype in HRP with thickening and fusion of commissures (asterisk).
(D and G) In contrast, CRISPR roboΔWIRS embryos show a strong loss-of-repulsion
phenotype in HRP but strong Robo1 staining on longitudinal tracts as well as on
commissures demonstrating that the phenotype is not due to loss of protein production.
Scale bar in A represents 20µm.
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Figure 2.6 – figure supplement 1. arpc2 mutants genetically interact with the SlitRobo pathway.

(A and B) Stage 17 embryos stained with anti-FasII and anti-HRP. (A) Double heterozygous
slit, robo embryos show a mild loss-of-repulsion phenotype with ectopic FasII crossing in
22% of nerve cord segments (arrowheads). (B) Removing one copy of arpc2 and one copy
of cyfip in embryos that are simultaneously heterozygous for slit and robo show ectopic
FasII crossing in significantly more segments of the nerve cord (47%). (C) Quantitation
shows the percentage of segments in which FasII axons ectopically cross the midline. Data
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are presented as mean ± SEM, number of embryos, n = 27, 13, 13, 15. Significance was
assessed using one-way ANOVA with Tukey’s multiple comparisons test. (D, E, G, H) Stage
16 Drosophila embryos carrying egGal4 and UAS-TauMycGFP transgenes stained with antiGFP which labels cell bodies and axons of the eagle neurons. (D and G) Misexpression of
wild type HA-tagged Robo1 in eagle neurons results in a strong disruption of midline
crossing where EW axons fail to cross in almost all segments of the nerve cord (93%;
asterisk). (E) In contrast, overexpressing Robo1 in arpc2 mutants results in a small but
significant suppression of this phenotype with fewer segments showing EW non-crossing
defects (81%). (H) Similarly, overexpressing Robo1 in cyfip mutants results in a similar
suppression of this phenotype (83%). (F and I) Quantitation shows the percentage of
segments in which EW axons fail to cross the midline. Data are presented as mean ± SEM,
number of embryos, n = 13, 19 (for F) and 13, 15 (for I). Significance was assessed using
Student’s t-test. (J) Quantitation shows the percentage of segments in which FasII axons
ectopically cross the midline for fmr1mutants in a slit, robo sensitized background.
Removing one or both copies of fmr1 has no effect on the slit, robo ectopic FasII crossing
phenotype. Data are presented as mean ± SEM, number of embryos, n = 27, 10, 13.
Significance was assessed using one-way ANOVA with Tukey’s multiple comparisons test.
Scale bars in A, E and H represent 20µm.
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Figure 2.6 – figure supplement 2. Comparable surface expression of the wild type and
WIRS mutant forms of Robo1.

(A) Drosophila embryos expressing genomic HA-tagged Robo rescue transgenes stained for
surface HA and HRP. Embryos were dissected live and surface expression of Robo was
visualized by staining the N-terminal HA tag before fixation and permeabilization. (B)
Quantitation of surface Robo represented as mean fluorescence intensity of HA normalized
to HRP shows no difference in surface expression of wild type Robo and RoboΔWIRS. Data
are presented as mean ± SEM, number of embryos, n = 5 and 8. Significance was assessed
using Student’s t-test. Scale bars represent 5mm in A and 20mm in C. (C) E12 dorsal
commissural neurons electroporated either with MYC-tagged hRobo1 or with MYC-tagged
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hRobo1ΔWIRS. Following a 30-minute treatment with Slit, surface expression of hRobo1
was visualized by staining the N-terminal MYC tag before fixation and permeabilization. (D)
Quantitation of surface hRobo1 represented as mean fluorescence intensity of MYC shows
no difference in surface expression of wild type hRobo1 and hRobo1ΔWIRS. Only Robo3positive commissural neurons were quantified for MYC intensity. Data are presented as
mean ± SEM, number of neurons, n = 42 (from 2 independent trials). Significance was
assessed using Student’s t-test.
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Figure 2.7 – figure supplement 1. Expression of hRobo1 variants electroporated into
dorsal spinal commissural neurons.

(A) E12 dorsal spinal cord explants electroporated with RFP and either MYC-tagged hRobo1
or with MYC-tagged hRobo1ΔWIRS show comparable levels of RFP staining across explants.
(B) E12 dorsal commissural neurons electroporated either with MYC-tagged hRobo1 or
with MYC-tagged hRobo1ΔWIRS stained with anti-MYC. (C) Quantitation of total levels of
hRobo1 represented as mean fluorescence intensity of MYC shows comparable expression
levels of wild type hRobo1 and hRobo1ΔWIRS in dissociated neurons. Only Robo3-positive
commissural neurons were quantified for MYC intensity. Data are presented as mean ± SEM,
number of neurons, n = 20 (from 2 independent trials). Significance was assessed using
Student’s t-test. Scale bars represent 100µm in A and 5µm in B.
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CHAPTER 3
NDFIP PROTEINS TARGET ROBO RECEPTORS FOR DEGRADATION
AND ALLOW COMMISSURAL AXONS TO CROSS THE MIDLINE IN THE
DEVELOPING SPINAL CORD
This chapter was published in the following article:
Gorla, M., Santiago, C., Chaudhari, K., Layman, A., Oliver, P. M., & Bashaw, G. J. (2019). Ndfip
Proteins Target Robo Receptors for Degradation and Allow Commissural Axons to Cross the
Midline in the Developing Spinal Cord. Cell reports, 26(12), 3298–3312.e4.
https://doi.org/10.1016/j.celrep.2019.02.080

Commissural axons initially respond to attractive signals at the midline, but once
they cross, they become sensitive to repulsive cues. This switch prevents axons from reentering the midline. In insects and mammals, negative regulation of Roundabout (Robo)
receptors prevents premature response to the midline repellant Slit. In Drosophila, the
endosomal protein Commissureless (Comm) prevents Robo1 surface expression before
midline crossing by diverting Robo1 into late endosomes. Notably, Comm is not conserved
in vertebrates. We identified two Nedd-4 interacting proteins, Ndfip1 and Ndfip2, that act
analogously to Comm to localize Robo1 to endosomes. Ndfip proteins recruit Nedd4 E3
Ubiquitin ligases to promote Robo1 ubiquitylation and degradation. Ndfip proteins are
expressed in commissural axons in the developing spinal cord and removal of Ndfip
proteins results in increased Robo1 expression and reduced midline crossing. Our results
define a conserved Robo1 intracellular sorting mechanism between flies and mammals to
avoid premature responsiveness to Slit.
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Introduction
During the development of the nervous system in bilaterally symmetric animals,
many neurons extend their axons across the midline in order to establish neural circuits
that are essential for cognitive functions and motor behavior (Dickson and Zou, 2010;
Kaprielian et al., 2001; Neuhaus-Follini and Bashaw, 2015a; Vallstedt and Kullander, 2013).
In both the ventral nerve cord of invertebrates and the mammalian spinal cord, midline
crossing is controlled by a balance of attractive and repulsive signals through the
interaction between growth cone receptors and ligands secreted by the midline and other
cells (Evans and Bashaw, 2010). Growing commissural axons initially respond to attractive
signals, which include members of the Netrin and Sonic Hedgehog families (Charron et al.,
2003; Ishii et al., 1992; Mitchell et al., 1996; Serafini et al., 1996). Once across the midline,
commissural axons become sensitive to repellents, which include Slit and Semaphorin
proteins (Brose et al., 1999; Kidd et al., 1999; Zou et al., 2000). This switch prevents
commissural axons from re-entering the midline and allows them to turn longitudinally and
ultimately reach their synaptic targets. In humans, defects in midline axon guidance have
been implicated in multiple neurodevelopmental disorders such as horizontal gaze palsy
with progressive scoliosis, congenital mirror movements and autism spectrum disorders
(Blockus and Chedotal, 2014; Engle, 2010; Jamuar et al., 2017; Jen et al., 2004).
The secreted Slit ligands and their Roundabout (Robo) receptors mediate repulsive
axon guidance at the midline and this function is highly conserved in both invertebrates and
vertebrates (Blockus and Chedotal, 2016; Brose and Tessier-Lavigne, 2000)). Axons
expressing Robo receptors are repelled from the midline in response to the repulsive ligand
Slit, which is secreted from the midline. In both insects and mammals, prior to crossing the
midline, commissural axons prevent premature responsiveness to Slit by regulating the
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expression and activity of Robo receptors (Evans et al., 2015; Keleman et al., 2002; Sabatier
et al., 2004). In Drosophila, a major mechanism that regulates repulsive signaling in precrossing axons is the negative regulation of Robo1 surface expression by Commissureless
(Comm) (Keleman et al., 2002; Kidd et al., 1998; Seeger et al., 1993; Tear et al., 1996). Comm
inhibition of Robo repulsion is absolutely required for midline crossing. Prior to midline
crossing Comm expression is upregulated in commissural neurons, in part by a mechanism
involving the transcriptional activation function of the Frazzled (Fra) receptor intracellular
domain (Neuhaus-Follini and Bashaw, 2015b; Yang et al., 2009). Once commissural axons
reach the midline, Comm is downregulated, so that Robo1 dependent Slit sensitivity is reestablished, thereby preventing axons from re-crossing. Comm acts by diverting newly
synthesized Robo1 into the late endosomal compartment, thus preventing Robo1
expression on the cell surface (Keleman et al., 2002; Keleman et al., 2005).
In contrast to Slit ligands and Robo receptors, the comm gene is apparently not
conserved outside of insects (Evans and Bashaw, 2012; Keleman et al., 2002). This raises
the critical question of how Robo1 surface levels are negatively regulated in commissural
axons prior to crossing the floor plate in the mammalian spinal cord. Interestingly, in robo3/- mutant mouse embryos, all spinal commissural axons fail to cross the midline, a
phenotype resembling comm mutants in Drosophila (Sabatier et al., 2004). Moreover, the
absence of midline crossing in robo3 mutants can be partially suppressed by the removal of
robo1 (Sabatier et al., 2004). However, and in marked contrast to the role of Comm in
Drosophila, Robo3 does not localize to endosomes and does not bind to Robo1. Most
importantly, Robo3 does not inhibit Robo1 surface expression on pre-crossing commissural
axons (Sabatier et al., 2004). More recent evidence indicates that Robo3 can contribute to
midline axon attraction by potentiating the activity of the Netrin-1 receptor Dcc, suggesting
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that the Robo3 phenotype is likely only partially dependent on its ability to inhibit Slit
responsiveness (Zelina et al., 2014). Thus, it remains unclear how Robo1 protein levels are
kept low on pre-crossing axons in mammals, and whether or not there is a Comm-like
mechanism that operates in the developing spinal cord.
Here we report the discovery of a class of mammalian proteins with limited
sequence similarity to the functional domain of Drosophila Comm that regulate mammalian
Robo1 trafficking through an analogous mechanism. Nedd4-family interacting proteins,
Ndfip1 (N4WBP5) and Ndfip2 (N4WBP5A) can serve as adaptor proteins to recruit Nedd4
E3 ligases to specific substrate proteins leading to their ubiquitylation and subsequent
degradation (Harvey et al., 2002; Mund and Pelham, 2009, 2010; Shearwin-Whyatt et al.,
2004). Besides their role as adaptors, Ndfip proteins also act as activators of E3 ligase
enzymatic activity, by releasing the Nedd4 ligase from its auto-inhibitory conformation
(Mund and Pelham, 2009). In association with their downstream interacting E3 ligases,
Ndfip proteins play important roles in regulating T-cell differentiation and maturation
(Layman et al., 2017; O'Leary et al., 2016; Oliver et al., 2006; Ramon et al., 2012). Several
reports also suggest that Ndfip1 has neuronal functions, including regulating cortical
development, neurite outgrowth and dendrite development (Goh et al., 2013; Hammond et
al., 2014; Howitt et al., 2009); however, it is unclear how Ndfip1 regulates these processes.
In this paper we show that, like Comm, Ndfip1 and Ndfip2 can prevent the surface
expression of mammalian Robo1 receptors by recruiting it to late endosomes in vitro. In
addition to altering Robo1 localization, Ndfip proteins also trigger the ubiquitylation and
degradation of the Robo1 receptor. The ability of Ndfip proteins to regulate Robo1 depends
on HECT E3 ligases, since point mutations that disrupt the interaction of Ndfip proteins with
E3 ligases or pharmacological inhibition of HECT E3 ligase activity result in the failure to
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reduce surface Robo1 levels. In vivo, Ndfip1 and Ndfip2 proteins are detected in
commissural axons in the developing spinal cord. Finally, in Ndfip1 and Ndfip2 single and
double knock-out mice, Robo1 expression is increased in pre-crossing commissural axons in
the spinal cord, and there is a significant reduction in midline crossing. Based on these
observations, we propose that Ndfip proteins act analogously to Drosophila Comm to
regulate mammalian Robo1 localization, and then lead to receptor degradation through the
recruitment of Nedd4-family E3 ubiquitin ligases. This intracellular trafficking mechanism
is important to prevent commissural axons from prematurely responding to Slit.
Results
The Nedd4 family interacting proteins Ndfip1 and Ndfip2 share similarities with Comm
We sought to identify proteins with any similarity to Comm in mammals by
searching for proteins that share features of the short cytoplasmic domain that is conserved
between Drosophila and Mosquito Comm (Keleman et al., 2002). To our surprise, this
domain aligned with a region of Nedd4 family interacting proteins Ndfip1 and Ndfip2. These
proteins share 60% similarity with the core twenty-five amino acid functional domain of
Comm proteins, but outside of this region there is no obvious sequence similarity (Figure
3.1A). Ndfip proteins share many additional properties with Comm. Like Comm, Ndfip1 and
Ndfip2 are localized to endosomes and have transmembrane domains (Howitt et al., 2015;
Shearwin-Whyatt et al., 2004). In addition, the Ndfip proteins both have cytoplasmic PPXY
and LPXY motifs (Mund and Pelham, 2009, 2010). Lastly, Comm and the Ndfip proteins can
both bind to HECT family E3 ubiquitin ligases, although the significance of this interaction
for Comm function is unclear (see discussion). In the case of the Ndfip proteins, it has been
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shown that they can also recruit these E3 ligases to proteins destined for degradation
(Howitt et al., 2012; Mund and Pelham, 2009; Myat et al., 2002).
Ndfip proteins regulate the levels and localization of Robo1 in vitro
Since Ndfip proteins recruit E3 ubiquitin ligases and target their substrates for
degradation, we first tested whether overexpression of these proteins regulates Robo
protein levels in vitro. Strikingly, we found that expression of Ndfip1 or Ndfip2
downregulated Robo1 levels in COS-7 cells (Figure 3.1B and C) compared to control cells
(Figure 3.1F). Interestingly, overexpression of Ndfip proteins has no effect on the steady
state levels of another closely related repulsive receptor, Robo2, indicating the specificity of
Ndfip proteins toward Robo1 (Figure 3.S1A-C). To test if Ndfip proteins can regulate
endogenous Robo1 levels, we transfected HeLa cells with Ndfip1 and Ndfip2 and monitored
Robo1 protein levels. Consistent with our observation in COS-7 cells, overexpression of
Ndfip1 (Figure 3.1D and G) or Ndfip2 (Figure 3.1E and G) significantly reduced endogenous
Robo1 levels, but had no effect on the levels of the transmembrane Integrin Beta-1 receptor,
further supporting the idea that the Ndfip proteins specifically regulate Robo1. To test
whether Robo1 levels could be regulated by other PY motif containing proteins, or if instead
this effect is specific to the Ndfip proteins, we also performed similar experiments with Itch
(a PY motif containing E3 ubiquitin ligase) and found that over-expression of Itch had no
significant effect on Robo1 levels (Figure 3.S1E and G).
Ndfip proteins localize to endosomes and target their substrates for degradation;
therefore, we examined whether ectopic expression of Ndfip proteins influence the
subcellular localization of Robo1. As expected, when expressed in COS-7 cells, the majority
of Robo1 is localized to the plasma membrane (Figure 3.1H). Remarkably, upon
overexpression of either Ndfip1 or Ndfip2, the intensity of plasma membrane localized
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Robo1 was significantly reduced, and a majority of the perinuclear and cytoplasmic Robo1
is co-localized with Ndfip proteins (Figure 3.1I and J). The distribution of hRobo1 in the
presence of Ndfip proteins is quite similar to the distribution of Drosophila Robo1 in COS-7
cells over-expressing Comm (Keleman et al., 2002). Based on previous studies (Harvey et
al., 2002; Shearwin-Whyatt et al., 2004), and our observation that Ndfip proteins
predominantly localize to the Rab7 positive late endosomal compartment (Figure 3.S2),
these sites of Robo1 and Ndfip co-localization are likely to be late endosomes. Our data
indicate that Ndfip1 and Ndfip2 can regulate the levels and localization of Robo1 in vitro,
and suggest that they do so through a mechanism that may be analogous to the way that
Comm regulates Robo1 in Drosophila.
Because Ndfip proteins serve as adapters between E3 ubiquitin ligases and specific
substrate proteins (Foot et al., 2008; Mund and Pelham, 2009), we tested whether Ndfip
proteins bind to Robo1. We find that Ndfip1 and Ndfip2 are both co-immunoprecipitated
with Robo1, indicating that Robo1 and Ndfip proteins can physically interact (Figure 3.1K
and Figure 3.S3A). To test whether these interactions could be detected under more
physiological conditions, we also performed immunoprecipitation from mouse brain
homogenates using Ndfip1 and Ndfip2 antibodies and found that Robo1
immunoprecipitated with both Ndfip1 and Ndfip2, indicating that they form a complex in
vivo (Figure 3.S3B and C). Together these results suggest that Ndfip proteins interact with
Robo1, potentially leading to its subsequent redistribution and degradation.
Ndfip1 and Ndfip2 decrease surface Robo1 expression
The results described above indicate that Ndfip proteins share Comm’s ability to
bind to and regulate the sub-cellular localization and expression levels of Robo1. A key
feature of the Comm sorting model is that Comm acts to negatively regulate the surface
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expression of Robo; therefore, we next examined whether Ndfip proteins also reduce
surface expression of Robo1. We monitored the levels of Robo1 present on the plasma
membrane by immunostaining prior to fixation and permeabilization. Cells transfected with
Robo1 display high levels of Robo1 on the cell surface (Figure 3.2A and A’). In contrast,
surface Robo1 intensity is significantly reduced in cells co-expressing Ndfip1 (Figure 3.2B,
B’ and D) or Ndfip2 (Figure 3.2C, C’ and D), indicating that Ndfip proteins can reduce Robo1
surface levels. To more carefully quantify the effect of Ndfip proteins on Robo1 surface
expression, we used a surface biotinylation assay. Cells co-expressing Robo1 and Ndfip
proteins were subjected to chemical coupling with biotin and the surface fractions were
isolated. In cells transfected with Robo1 alone, a significant amount of biotinylated Robo1 is
present. However, we detect significantly less surface Robo1 in cells transfected with either
Ndfip1 or Ndfip2 (Figure 3.2E and F). Together these results provide strong evidence that
Ndfip proteins can negatively regulate total and surface Robo1 levels when expressed in
heterologous COS-7 cells.
Ndfip1 and Ndfip2 promote Robo1 ubiquitylation and degradation
Given the potent effect of Ndfip proteins on Robo1 localization and surface
expression, we sought to determine the biochemical mechanism underlying Ndfip-mediated
Robo1 degradation. Previous studies have shown that Ndfip proteins interact with E3
ubiquitin ligases and promote their activity (Mund and Pelham, 2009; Riling et al., 2015). In
addition, these proteins also interact with substrate proteins to facilitate the recruitment of
ligases, thus promoting ubiquitin dependent degradation (Foot et al., 2008). Since Robo1
levels are reduced upon overexpression of Ndfip proteins, we hypothesized that Ndfip
proteins promote Robo1 ubiquitylation, thus marking it for subsequent degradation. To test
the ubiquitylation status of Robo1, we co-expressed it with Ndfip proteins and FLAG tagged
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Ubiquitin and performed immunoprecipitation studies followed by western blot analysis
with anti-FLAG antibodies. We observed minimal Robo1 ubiquitylation under basal
conditions. Although the amount of ubiquitylated Robo1 varied between cells expressing
Ndfip1 and Ndfip2, overexpression of either protein significantly increased Robo1
ubiquitylation compared to basal conditions (Figure 3.S4A and B). To investigate the effect
of the two major degradative pathways on the fate of ubiquitylated Robo1, we treated the
cells with proteasomal (MG132) (Figure 3.S4A) and lysosomal (Chloroquine, CQ) (Figure
3.S4B) inhibitors. To our surprise, ubiquitylated Robo1 was stabilized and detected at
higher levels upon treatment with both of these inhibitors (Figure 3.S4A and B), indicating
the possible involvement of both pathways in clearance of ubiquitylated Robo1.
Based on these observations, we reasoned that these inhibitors should also prevent
the degradation of Robo1 and stabilize Robo1 protein levels in cells over expressing Ndfip
proteins. Indeed, overexpression of either Ndfip1 or Ndfip2 resulted in reduced levels of
Robo1, while neither Ndfip1 nor Ndfip2 proteins promoted Robo1 degradation in cells
treated with CQ (Figure 3.S4C-E). MG132 treatment significantly restored Robo protein
levels in Ndfip1-expressing cells, but it did not restore Robo protein levels in Ndfip2
expressing cells. These results suggest that both proteosomal and lysosomal pathways are
involved in Robo1 clearance and that Ndfip2 may selectively target Robo for lysosomal
degradation. It is interesting to note that both Ndfip1 and Ndfip2 protein levels are also
stabilized upon the treatment with MG132 and Chloroquine. Together, our data provide
evidence that Ndfip proteins mark Robo1 for ubiquitin dependent degradation through
proteasomal and lysosomal pathways.

159

Ndfip PY motifs and E3 ligase activity are required for degradation of Robo1
It has been shown that the PY motifs of both Ndfip1 and Ndfip2 are important for
their interaction with the WW domains of E3 ubiquitin ligases and this interaction is also
known to enhance E3 ligase activity (Foot et al., 2008; Mund and Pelham, 2009). Therefore,
we hypothesized that mutation of the PY motifs in Ndfip1 and Ndfip2 would prevent Robo1
protein re-localization and degradation. To test this idea, we co-expressed Ndfip proteins
bearing mutations in their PY motifs with Robo1 in COS-7 cells. Robo1 is strongly expressed
on the cell surface and in a perinuclear location in control transfected cells (Figure 3.3A),
while cells expressing either Ndfip1 or Ndfip2 results in reduced plasma membrane
expression of Robo1 and co-localization of Robo and Ndfip proteins in the endosomal
compartment (Figure 3.3B and C and Figure 3.1). Conversely, co-expression of PY mutant
form of Ndfip proteins failed to reduce the plasma membrane localization of Robo1 (Figure
3.3D and E), suggesting that these motifs are critical for Ndfip proteins to regulate Robo1.
Mutation of the PY motifs did not appear to significantly alter the localization of the Ndfip
proteins themselves as both proteins were still predominantly co-localized with late
endosomal markers (Figure 3.S5); however, the PY mutant form of Ndfip1 was expressed at
much higher levels than wild-type Ndfip1, suggesting that preventing its association with
HECT ligases leads to stabilization of the protein (Figure 3.3F).
Next, we used surface biotinylation to measure the amount of Robo1 on the cell
surface in COS-7 cells expressing PY mutant forms of Ndfip proteins. Consistent with our
previous observations, the amount of surface Robo1 is reduced in cells expressing Ndfip1
and Ndfip2 (Figure 3.3F and G), as indicated by reduced levels of biotinylated Robo1 in
these cells. In marked contrast, biotinylated Robo1 levels were significantly restored in cells
transfected with PY mutant forms of either Ndfip1 (Figure 3.3F) or Ndfip2 (Figure 3.3G). It
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is interesting to note that PY mutated Ndfip1 completely restored cell surface Robo1, while
PY mutated Ndfip2 resulted only in a partial restoration of surface Robo1, suggesting that
the mutant version of Ndfip2 still retained some ability to regulate Robo1. Importantly, total
Robo1 protein levels are also significantly restored in cells transfected with PY mutant
forms of either Ndfip1 (Figure 3.3F and J) or Ndfip2 (Figure 3.3G and K). This suggests that
the ability of Ndfip proteins to recruit HECT E3 ligases through their PY motifs is required
for the ability of Ndfip proteins to reduce Robo1 receptor levels at the cell surface (Figure
3.3L).
Ndfip1 and Ndfip2 enhance the catalytic activity of HECT domain containing E3
ubiquitin ligases by inducing conformational changes (Mund and Pelham, 2009). Since
overexpression of Ndfip proteins promotes ubiquitylation of Robo1 (as shown in Figure
3.S4A and B), we reasoned that HECT E3 ligase activity should also be required for the
regulation of Robo1 levels. In order to test this prediction, we used a specific HECT ligase
small molecule inhibitor, Heclin, which inhibits several HECT ligases in cultured cells (Mund
et al., 2014). We measured the level of Robo1 ubiquitylation and degradation in Ndfip1 and
Ndfip2 transfected COS-7 cells in the presence or absence of Heclin. As shown in Figure
3.3H, the amount of Robo1 ubiquitylation is strongly increased in both Ndfip1 and Ndfip2
transfected cells. However, Robo1 ubiquitylation is significantly attenuated in cells that are
treated with Heclin (Figure 3.3H). Likewise, Heclin also inhibits degradation of Robo1 in
cells expressing Ndfip1 and Ndfip2 (Figure 3.3I-K), indicating the importance of HECT E3
ligase activity in Ndfip mediated Robo1 degradation. Collectively, our data provides
compelling evidence that the PY motifs of Ndfip proteins and an active HECT E3 ubiquitin
ligase complex are important for the regulation of Ndfip-dependent Robo1 turnover in vitro
(Figure 3.3M).
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Ndfip1 and Ndfip2 are expressed in spinal commissural neurons
To examine potential in vivo roles for the Ndfip proteins during axon guidance, we
first performed mRNA in situ analysis to examine Ndfip transcript expression during
embryonic stages when spinal commissural axons are growing toward and crossing the
floor plate (Figure 3.4). Both Ndfip1 and Ndfip2 transcripts are specifically and robustly
expressed in E10.5 and E11.5 spinal cords (Figure 3.4A and B). Ndfip1 is enriched in the
floor plate region, motor column and in the Dorsal Root Ganglia (DRG), while Ndfip2 mRNA
appears to be more uniformly expressed. Expression of both Ndfip1 and Ndfip2 mRNA is
higher in E11.5 and signal is detected in the dorsal spinal cord in areas occupied by
commissural neurons (Figure 3.4A and B, arrows). These patterns of mRNA expression are
specific, since no so signal is detected using sense control probes and specific signals are
absent in sections from Ndfip mutants (Figure 3.S6).
Antibody staining reveals that Ndfip1 is strongly expressed in the region of the floor
plate during embryonic stages E10.5 to E12.5 (Figure 3.4C). In addition, we also observed
Ndfip1 signal in motor neurons and in the DRG. Colocalization of Ndfip1 with Tag1, a cell
surface protein that is expressed on pre-crossing commissural axons indicates that Ndfip1
is expressed within a subset of commissural axons, which can be detected at both E10.5 and
E11.5 (Figure 3.4E and F). Intriguingly, like Tag1, Ndfip1 protein is not detected at high
levels in post-crossing commissural axons, as shown by complementary domains of
expression for Ndfip1 and Robo1 (Figure 3.4G). Additional co-labeling experiments with
Ndfip1 and Dcc, Robo3 and L1CAM also support the conclusion that Ndfip1 is enriched in
the pre-crossing portions of commissural axons (Figure 3.S7). This pattern of expression is
consistent with a potential role in the transient regulation of Robo1 surface expression.
Importantly, Ndfip1 protein expression is decreased in spinal cord sections from Ndfip1
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mutants at all stages examined (E10.5, E11.5 and E12.5) (Figure 3.S6). Since existing Ndfip2
antibodies do not work well for immunohistochemistry on tissue sections, we took
advantage of the fact that the Ndfip2 mutants were generated by replacing the Ndfip2
coding sequence with a GFP reporter (O'Leary et al., 2016). Examination of GFP expression
in Ndfip2-GFP heterozygous mice reveals strong expression of Ndfip2 during stages when
spinal commissural axons are growing toward and crossing the floor plate (Figure 3.4D).
Co-labeling with GFP and Tag1 or Dcc reveals clear expression in commissural neurons at
E10.5 and E11.5 (Figure 3.4H-J). Since we are detecting Ndfip2 expression with the GFP
reporter, it is unclear whether, like Ndfip1, Ndfip2 protein is also enriched in pre-crossing
commissural axons: we can only conclude that Ndfip2 is indeed expressed in commissural
neurons at these stages. To further explore the expression of Ndfip proteins in commissural
axons, we generated primary cultures of dorsal spinal cord neurons from E12.5 wild-type
mice and co-labeled for Ndfip1 and either Dcc or Tag1. In both cases we observe clear
Ndfip1 expression in Dcc and Tag1 positive dorsal commissural axons (Figure 3.4K and L).
Ndfip1 and Ndfip2 mutants show a reduction in midline crossing
To examine the role of Ndfip proteins in commissural axon guidance, we analyzed
embryonic spinal commissural axons in Ndfip1 and Ndfip2 knockout mice. Ndfip1 mutants
were generated by the insertion of a gene trap vector in the Ndfip1 locus, which results in
disruption of the Ndfip1 gene (Oliver et al., 2006). Based on analysis of Ndfip1 transcripts in
these mice, the gene trap insertion was demonstrated to completely abolish Ndfip1
expression (Oliver et al., 2006). Ndfip2 mutant mice were generated by replacing the Ndfip2
coding sequence with a GFP reporter as described above. RNA in situ analysis on Ndfip1 and
Ndfip2 mutants and controls indicates that these mutants completely remove Ndfip
transcripts and using an anti-Ndfip1 antibody, we further confirmed that the overall signal
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for Ndfip1 is reduced in Ndfip1 mutant embryonic spinal cords compared to wild type
embryos (Figure 3.S6). We analyzed commissural axon guidance defects in Ndfip mutant
embryos by immunostaining transverse sections of the spinal cord with antibodies to the
commissural axon markers, Tag1 and Robo3. There is a significant reduction in Tag1
positive commissural axons crossing the floor plate at the ventral midline in Ndfip1 and
Ndfip2 mutant embryos at E10.5 (Figure 3.5A, C, E). There was also a significant decrease in
the thickness of Robo3 positive commissural axon bundle crossing the floor plate in both
mutants at E10.5 (Figure 3.5B, D, F). At E11.5, the reduction of both Tag1 positive and
Robo3 positive commissure thickness in Ndfip1 and Ndfip2 mutant embryos is more
modest, but it is still significantly different from littermate controls (Figure 3.S8).
Interestingly, Robo3 positive pre-crossing commissural axons exhibited abnormal
pathfinding and were defasciculated in the mutant embryos (Figure 3.5B and D,
Arrowheads). Taken together, our results strongly suggest that Ndfip proteins act in vivo to
support the timely midline crossing of a significant number of commissural axons.
Since Ndfip1 and Ndfip2 proteins are both capable of down-regulating Robo1 in
vitro and because the single mutants reveal only partial disruption in midline crossing, we
next sought to evaluate the consequence of simultaneous removal of both Ndfip1 and
Ndfip2. We focused our analysis on E11.5 because at earlier stages (E10.5) Ndfip1 and
Ndfip2 single mutants often result in a near complete absence of midline crossing of Tag-1
positive axons, and to reduce the chance that observed reductions in crossing could be due
to developmental delay. As predicted if Ndfip1 and Ndfip2 work together to promote
midline crossing, we found that double mutants had significantly stronger disruptions in
midline crossing than Ndfip2 single mutant sibling controls (Figure 3.6A-D). Enhanced
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crossing defects were observed with both Tag1 and Robo3 antibodies. These observations
are consistent with the idea that Ndfip proteins act in parallel to promote midline crossing.
In order to more carefully evaluate the role of Ndfip proteins in the regulation of
commissural axon guidance, we performed a series of unilateral dye-labeling experiments
to document the behavior of small groups of axons as they approach and cross the midline.
E12.5 spinal cords were dissected in open-book preparations from embryos generated by
crossing Ndfip1 +/-, Ndfip2 +/- mice with Ndfip1 +/-, Ndfip2 -/- mice, and DiI was injected
into one side of the dorsal spinal cord. In wild-type controls, the majority of labeled axons at
E12.5 have crossed the midline and have turned anteriorly (Figure 3.6E and F). In contrast,
labeled axons in Ndfip2 -/- spinal cords frequently stop and fail to make the correct anterior
turn (Figure 3.6G). In double mutant spinal cords, these phenotypes are significantly
stronger than those observed in the Ndfip2 single mutant cords (Figure 3.6I-K). In addition,
we sometimes observe ipsilateral mis-projections in the spinal cord of Ndfip double
mutants (~20% of injection sites) (Figure 3.6L and M). We did not observe these
phenotypes in wild-type or single mutants, again suggesting that removing both Ndfip genes
results in stronger axon guidance defects than single mutants. Combined with data from
transverse sections of the spinal cord, these observations further support the model that
Ndfip1 and Ndfip2 act in parallel to promote the guidance of spinal commissural axons
across the midline.
Robo1 levels are increased in Ndfip1 and Ndfip2 mutants
The Ndfip1 and Ndfip2 mutant phenotypes in the spinal cord (Figure 3.5 and Figure
3.S8) are consistent with the idea that some spinal commissural axons fail to cross the floor
plate due to elevated expression of Robo, which in turn leads to a premature response to
Slit. To test whether the loss of Ndfip1 alters Robo1 levels and localization in commissural
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axons, we used immunofluorescence to monitor the levels of Robo1 in Ndfip1 and Ndfip2 in
single or double mutant embryos. In wild-type E11.5 embryos, Robo1 is primarily localized
to the post-crossing portion of commissural axons, with low levels detected on pre-crossing
(arrows) and crossing commissural axons (arrowheads) (Figure 3.7A). However, in Ndfip1
mutant embryos, there is a significant elevation of Robo1 levels in pre-crossing
commissural axons (Figure 3.7B and C, arrows with asterisks and Figure 3.7D) compared to
wild-type embryos. There is also a small but significant elevation of Robo1 expression in
Ndfip2 mutants (Figure 3.7D), and Robo1 expression is further increased in Ndfip1, Ndfip2
double mutants relative to Ndfip1 or Ndfip2 single mutants. Together with our in vitro data,
these observations suggest that Ndfip proteins promote midline crossing in the mammalian
spinal cord by sorting Robo1 for degradation. To further support an in vivo role for Ndfip1
in the negative regulation of Robo1 expression, we also examined the levels of Robo1 in
Ndfip1 mutant adult brain and spinal cord extracts. Total Robo1 levels are significantly
increased in Ndfip1 mutant brain and spinal cord compared to wild-type (Figure 3.7E- H).
However, this effect is not observed for Robo2, Robo3 or Dcc (Figure 3.7E- H, Figure 3.S9),
indicating the specificity of the effect of Ndfip1 on Robo1 regulation both in vitro and in vivo.
Taken together, our data suggest the existence of functional conservation of Robo1 receptor
sorting in flies and mammals to control midline crossing (Figure 3.S10).
Discussion
In this manuscript, we have described the role of Ndfip proteins in controlling
midline crossing through the regulation of Robo1 levels in the mammalian spinal cord. In
vitro biochemical analyses show that Ndfip1 and Ndfip2 can regulate mammalian Robo1
receptor levels by acting as adaptors to recruit HECT E3 ligases leading to the ubiquitylation
and subsequent degradation of Robo1 via the lysosomal and proteosomal pathways. Loss-
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of-function and gain-of-function studies demonstrate the specificity of Ndfip proteins in the
regulation of the Robo1 receptor. Inhibition of HECT E3 ligases or expression of Ndfip
proteins that cannot bind to E3 ligases disrupts the ability of Ndfip proteins to regulate
Robo1 surface levels, indicating that the negative regulation of Robo1 requires an active
Ndfip-HECT E3 ligase complex. Ndfip proteins are expressed in commissural axons and in
the absence of Ndfip1 or Ndfip2 we observe a significant reduction in midline crossing in
the spinal cord and a significant increase in Robo1 expression. Simultaneous removal of
Ndfip1 and Ndfip2 in double mutants leads to significantly stronger phenotypes consistent
with the idea that the Ndfip proteins act in parallel to regulate spinal commissural axon
guidance. Taken together, our results strongly suggest that Ndfip proteins function
analogously to Comm to regulate mammalian Robo1 by recruiting it to endosomes.
Furthermore, our biochemical data define an intracellular trafficking pathway consisting of
Ndfip adaptor proteins and HECT E3 ubiquitin ligases that act together to promote Robo1
ubiquitylation, and its subsequent degradation in lysosomal and proteasomal
compartments. We propose that Ndfip/E3 ligase mediated sorting and degradation of
Robo1 in pre-crossing commissural axons in the developing spinal cord ensures midline
crossing by preventing the premature response to Slit.
Mammalian Ndfip proteins act analogously to Drosophila Comm to regulate Robo
Several lines of evidence indicate that Comm can recruit the Robo1 receptor directly
to endosomes before it reaches the cell surface, and that this sorting function is important
for controlling axon crossing at the fly embryonic midline (Keleman et al., 2002; Keleman et
al., 2005). Our results indicate that Ndfip proteins regulate mammalian Robo1 in a Commlike manner. In support of this, 1) Ndfip proteins can bind to Robo1 and re-localize it to
endosomes, 2) overexpression of Ndfip proteins can strongly downregulate Robo1 surface
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expression, 3) point mutations in the PY motifs in Ndfip proteins prevent the regulation of
Robo1 protein levels and localization, 4) Ndfip proteins are expressed in commissural
neurons, and 5) Ndfip1 and Ndfip2 single mutants results in a failure of some commissural
axons to cross the midline and these defects are enhanced in Ndfip1, Ndfip2 double mutants.
It is important to point out that despite an increase in the strength of the midline crossing
phenotypes relative to single Ndfip mutants, many axons are still able to cross the floor
plate in the Ndfip1, Ndfip2 double mutants. This contrasts with Comm in Drosophila, where
mutations in comm result in the complete absence of midline crossing in the embryonic
CNS. This is perhaps not that surprising given the increased complexity of midline guidance
mechanisms and the abundance of molecules that act to normally promote crossing in the
mammalian CNS, including Netrin, Shh, VegF and their respective receptors, as well as
Robo3. It would seem that the level of increased Robo repulsion resulting from
manipulations to Ndfip proteins is not sufficient to prevent all midline crossing. This could
be explained either by the activities of pro-crossing pathways that are unaffected by these
manipulations and/or additional mechanisms that act in conjunction with Ndfip-dependent
trafficking. Interestingly, a recently published report has suggested that an additional
mammalian protein, PRRG4, shares some sequence features and in vitro properties with
Drosophila comm; however the expression and function of this protein in the developing
spinal cord has not been investigated (Justice et al., 2017). Taken together, our data suggest
the existence of functional conservation of Robo1 receptor sorting in flies and mammals to
control midline crossing, despite the fact that the molecules that fulfill this function are not
encoded by homologous genes (Figure 3.S10).
Our favored interpretation of the loss of function phenotypes in Ndfip mutants is
that the defects in midline crossing that we observe stem from the elevated expression of
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Robo1. However, it is possible that the Ndfip defects may be due to effects on other
substrate proteins that we have not analyzed. For example, Ndfip proteins could regulate
other pathways involved in switching axon responses at the midline. Semaphorin3BPlexinA1 repulsion is also inhibited before midline crossing and Plexin protein expression is
also regulated during midline crossing (Hernandez-Enriquez et al., 2015; Nawabi et al.,
2010). It is also interesting to note that we actually observe a significant decrease of Robo3
expression in Ndfip1 mutant adult brains relative to control, suggesting a possible indirect
link between Ndfip1 and Robo3 in adult brain (Figure 3.S9). Importantly, this reduction in
Robo3 expression levels was not observed in the embryonic spinal cord (Figure 3.5, 3.6 and
Figure 3.S9), or in adult spinal cord extracts (Figure 3.S9). In contrast, Ndfip proteins are
sufficient to decrease levels of Robo3 in vitro (Figure 3.S1); however, unlike Robo1, we do
not observe any increase in Robo3 expression in Ndfip mutants in any of the tissues or
developmental stages we have examined, suggesting that the regulation of Robo3 by Ndfip
proteins may be context-specific. A rigorous evaluation of the contribution of the altered
levels of Robo1 receptor expression to the in vivo mutant phenotypes of Ndfip1 and Ndfip2
will necessitate the generation and analysis of double and triple mutants between Robo1,
Ndfip1, and Ndfip2. Based on our in vitro biochemical data and the expression patterns of
Ndfip proteins, we favor the interpretation that Ndfip proteins function cell-autonomously
in commissural neurons; however, a rigorous demonstration of this will await the future
analysis of conditional removal of Ndfip proteins.
Requirement of E3 ubiquitin ligases in the regulation of the mammalian Robo1 receptor
Several guidance receptors are known to be regulated by intracellular trafficking
(O'Donnell et al., 2009). For example, Semaphorin3A-induced endocytosis of Neuropilin-1
has been shown to be important for growth cone collapse during axon guidance (Castellani
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et al., 2004). In Drosophila, Comm allows axon growth across the midline by sorting Robo
from new membrane vesicles to late endosomes before they can be delivered to the growth
cone (Keleman et al., 2002; Keleman et al., 2005). It has been proposed that Comm’s ability
to regulate surface levels of Robo depends on Comm’s interaction with and ubiquitylation
by the E3 ubiquitin ligase Nedd4 (Myat et al., 2002). However, the observation that a
mutant version of Comm that cannot be ubiquitylated can restore Comm’s activity and that
Nedd4 zygotic null mutants have no commissural guidance defects in vivo argues against the
requirement for Nedd4 and Comm ubiquitylation in midline crossing (Keleman et al., 2005).
Here we have shown that Ndfip proteins recruit Nedd4 family E3 ubiquitin ligases that
ubiquitylate Robo1 receptors and lead to their subsequent proteosomal and lysosomal
degradation. Whether Comm also recruits E3 ligases to drive the ubiquitylation and
degradation of Drosophila Robo receptors remains to be tested. Given that multiple studies
have demonstrated that in addition to regulating Robo localization, Comm also negatively
regulates Robo protein levels (Gilestro, 2008; Kidd et al., 1998; Myat et al., 2002), it is
surprising that the ubiquitylation of the Drosophila Robo receptor has not been
investigated. It is worth noting here that in addition to Nedd4, there are two other Nedd4
family members in Drosophila: Suppressor of deltex (Su(dx)) and dSmurf (Dalton et al.,
2011); thus, whether E3 ubiquitin ligase activity is required in Drosophila for the regulation
of Robo during midline crossing is still an open question.
In mammals, the Nedd4 family has further expanded and includes Nedd4 (Nedd4-1),
Nedd4L (Nedd4-2), Itch, WWP1, WWP2, Smurf1, Smurf2 and NEDL1 and NEDL2 (Ingham et
al., 2004; Rotin and Kumar, 2009). Nedd4 is a positive regulator of cell proliferation and
animal growth. Nedd4 mutant mice are small and Nedd4 mutant MEFs have less mitogenic
activity (Cao et al., 2008; Fouladkou et al., 2008). SMURFs have a major role in the
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regulation of TGF beta signaling (Massague and Gomis, 2006) whereas ITCH regulates the
immune system by controlling the levels of its substrate, JUNB (Gao et al., 2004). Recent
evidence also suggests that Nedd4-family E3 ligases promote axonal growth and branching
in the developing mammalian brain (Hsia et al., 2014). Interestingly, several of these Nedd4
ligases are strongly expressed in the post-natal mouse spinal cord (The Allen Brain Atlas
[http://Robo.brain-map.org]).
Ndfip1 and Ndfip2 are a subset of proteins that interact with Nedd4 E3 ligases to
modulate their enzymatic activity and substrate binding (Mund and Pelham, 2009; Riling et
al., 2015). Ndfip proteins act as adaptors for Itch to regulate T-cell activation (Oliver et al.,
2006), and they are also required for WWP2 to regulate iron homeostasis through DMT1
(Foot et al., 2008). Although our in vitro biochemical data using Ndfip proteins with
mutations in their PY motifs and the HECT E3 ligase inhibitor, Heclin, strongly suggest the
involvement of Nedd4 ligases in the regulation of mammalian Robo1 levels and axon
guidance in vivo, the requirement for, and identity of the specific Nedd4 family E3 ligases
awaits future investigation.
How is the expression of Ndfip1 and Ndfip2 regulated in the developing spinal cord?
Our in vivo expression data that Ndfip1 is specifically expressed in commissural
axons that are crossing the midline suggests that it may promote their crossing by
decreasing Robo1. How is this spatial expression of Ndfip regulated? In Drosophila, Comm
expression is regulated, partly by Fra, the Drosophila ortholog of the Dcc receptor. The
intracellular domain of Fra is released by γ-secretase proteolysis and functions as a
transcriptional activator to induce Comm transcription (Neuhaus-Follini and Bashaw,
2015b). Interestingly, Dcc is also proteolytically processed and its intracellular domain can
enter the nucleus to regulate gene expression in vitro. (Bai et al., 2011; Galko and Tessier-
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Lavigne, 2000; Taniguchi et al., 2003). It will be interesting to determine if Dcc has a role in
the transcriptional regulation of Ndfip1 and/or Ndfip2 during the development of the spinal
cord.
In addition to potential transcriptional regulation, the levels of Ndfip proteins are
known to be regulated post-translationally through ubiquitylation mediated by Nedd4
family proteins (Harvey et al., 2002; Shearwin-Whyatt et al., 2004). In this regard, it is
interesting to note that mutating the PY motifs of Ndfip1 has a profound stabilizing effect on
the Ndfip1 protein itself, consistent with previous reports that Ndfip1 is itself a target for
E3-ligase dependent degradation (See Figures 3.S4 and Figure 3.3F). This stabilizing effect
of the PY mutations is much more pronounced for Ndfip1 than Ndfip2. The possibility that
Ndfip1 could be ubiquitylated and degraded together with its substrate would also be
consistent with a role in the transient downregulation of Robo1. Finally, another post
translational modification, phosphorylation may also have a role in controlling Ndfip
expression of activity since it has been shown that Ndfip proteins undergo EGFR dependent
tyrosine phosphorylation (Mund and Pelham, 2010).
Robo, Ndfip and Nedd4 family proteins in developmental disorders
Disruption of Slit-Robo signaling and altered regulation of axon guidance receptor
levels more generally, are implicated in autism spectrum disorders (ASD) and in movement
disorders (Blockus and Chedotal, 2014; Jen et al., 2004; Suda et al., 2011). Interestingly,
mutations in genes encoding HECT E3 ligases have been characterized in patients with
severe intellectual disability and ASD (Ambrozkiewicz and Kawabe, 2015). Thus, further
investigation of the molecular function of Ndfip proteins and HECT E3 ligases in the
regulation of Slit-Robo signaling in the developing and adult nervous system may provide
new insights in the pathophysiology of diverse developmental disorders.
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Materials and Methods
Mice
Mice were maintained in a barrier facility at the University of Pennsylvania. All mouse work
was approved by the Institutional Care and Use Committee of the University of
Pennsylvania.
Tissue cell culture
COS-7, 293T and HeLa cells were maintained in DMEM, supplemented with 10% (vol/vol)
FBS and a mixture of 1% penicillin and streptomycin (P/S) at 37oC in a humidified 5% CO2
incubator.
Primary neuron cultures
Commissural neurons from wild-type E12.5 mouse embryonic dorsal spinal cord were
prepared as described (Langlois et al., 2010). Dissociated dorsal spinal commissural
neurons were plated on poly-L-lysine and laminin coated coverslips at low density. Neurons
were cultured in neurobasal medium supplemented with 1x B27, 1x Pen/Strep, 1x
glutamine and 35 mM glucose.
Mouse strains and genotyping
Embryos were derived from timed matings with Ndfip1-/- Rag1-/- male and Ndfip1+/Rag1+/+ female mice. Ndfip2 mutant embryos were derived from timed matings with
Ndfip2-/- male and Ndfip2-/- female mice. To obtain Ndfip2 control embryos, timed matings
were performed with Ndfip2-/- male and wild-type C57BL/6 female mice. Ndfip1 and Ndfip2
double mutant embryos were derived from timed matings with Ndfip1+/-;Ndfip2+/- male
with either Ndfip1+/-;Ndfip2+/- or Ndfip1+/-;Ndfip2-/- female mice. The day of the vaginal
plug was counted as embryonic day 0.5 (E0.5), and embryos were harvested at the
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indicated embryonic stage. Genotypes were determined by PCR using genomic DNA
extracted from embryonic tail. Ndfip1 WT/KO embryos were genotyped by PCR using the
following primers: Ndfip1 WT Forward: 5′ TAGGCCAAGGTGAAAACTGG 3′; Ndfip1 WT
Reverse: 5′ AGAGGTGGGTTCAACAGTGG 3′. Ndfip1 KO Forward: 5′
CGACTTCCAGTTCAACATCAGC 3′; Ndfip1 KO Reverse: 5′ GTCTGTTGTGCCCAGTCATAGC 3′.
Ndfip2 KO/KI embryos were genotyped by PCR using the following primers: Ndfip2 WT
Forward: 5′ CCCTGTGCCACCTCCGTACAGTG 3′; Ndfip2 WT Reverse: 5′
GCTGAGGCAGTGCGCAGACTTAC 3′; Ndfip2 KO/KI Forward: 5′
CTTCAAGCAGACCTACAGCAAG 3′; Ndfip2 KO/KI Reverse: 5′ CCTGTTATCCCTAGCGTAACG
3′. For the western blot analysis for Figure 3.7E and Figure 3.S9A, brain extracts were
prepared from age-matched Rag1-/- and Ndfip1-/- Rag1-/- adult mice. For the western blot
analysis for Figure 3.7F and Figure 3.S9B, spinal cord extracts were obtained from agematched Ndfip1+/+ and Ndfip1-/- adult mice.
Cell transfections
COS-7, 293T and HeLa cells were transiently transfected with Effectene transfection reagent
(Qiagen, Valencia CA). All transfections were carried out according to the manufacturer’s
instructions.
Immunofluorescence experiments
Dissociated dorsal spinal commissural neurons and transiently transfected COS-7 cells were
washed once with ice-cold PBS, fixed for 15 min in 4% paraformaldehyde at room
temperature, permeabilized with 0.1% Triton-X100 in PBS (PBT) for 10 min and then
blocked in PBT + 5% NGS (normal goat serum) for 30 min at room temperature. Cells were
then incubated with primary antibodies diluted in PBT + 5% NGS overnight at 4oC. After
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three washes in PBT, secondary antibodies diluted in PBT + 5% NGS were added and
incubated for 1h at room temperature. After secondary antibodies, cells were washed three
times in PBS and coverslips were mounted in Aquamount. For surface labeling in transiently
transfected COS-7 cells, cells were washed with ice-cold PBS and blocked in PBS + 5% NGS
for 20 min at 4°C. Cells were then incubated in primary antibodies diluted in PBS + 5% NGS
for 30 min at 4°C, then washed three times in cold PBS. Cells were fixed for 15 min at 4°C in
4% paraformaldehyde in PBS, followed by three washes in PBS and stained with other
primary antibodies diluted in PBT + 5% NGS overnight at 4°C. After three washes in PBS,
cells were incubated with secondary antibodies diluted in PBT + 5% NGS for 30 min at room
temperature. Antibodies used: Rabbit anti-Myc (1:500, Sigma, C3956-2MG), mouse anti-HA
(1:1000, BioLegend # 901502), rabbit anti-Ndfip1 (1:100, Sigma #HPA009682), mouse
anti-TAG1 (1:100, DSHB #4D7), Cy3 goat anti-mouse (1:1000, Jackson Immunoresearch
#115-165-003), and Alexa488 goat anti-rabbit (Invitrogen, 1:500 #A11034).
Cell surface biotinylation
Cell surface biotinylation experiments were performed as follows. Briefly, 48 hours after
transfection, HeLa cells were washed twice with ice-cold DPBS+ and incubated with 2.5
mg/ml EZ-link Sulfo-NHS-LC-LC-biotin reagent for 30 min on ice with gentle rocking.
Biotinylation was performed at 4°C to ensure that the coupling reaction would only take
place on surface proteins and that no activated biotin could be internalized. After
incubation, cells were washed three times with ice-cold 100 mM Glycine in DPBS+, followed
with ice-cold 20 mM Glycine in DPBS+ at 4°C. Cells were then lysed in buffer containing 150
mM NaCl, 50 mM Tris pH-7.4, 1 mM EDTA supplemented with 0.5% Surfact-AMPS NP40
(Thermo, Waltham MA), Complete Protease Inhibitor (Roche), and 1 mM
phenylmethanesulfonylfluoride (PMSF) for 1hr on ice. Supernatants were collected after
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centrifugation at 16,000 x g for 15 minutes at 4°C. 10-15% of supernatant was transferred
into another tube, which was used as a total lysate/input. DPBS+ washed NeutrAvidin
Ultralink beads (Thermo Scientific #53150) were added to the remaining supernatant and
incubated overnight on a nutator at 4°C. After incubation, beads were washed three times
with lysis buffer and boiled for 10 min in 2x Laemmli SDS sample buffer and analyzed by
western blotting with anti-Myc antibody to detect the surface protein. Antibodies used:
mouse anti-myc (1:1000, 9E10-c, DHSB), mouse anti-HA (1:1000, BioLegend # 901502),
mouse anti-beta tubulin (1:1000, E7, DSHB), and goat anti-mouse HRP (1:10,000, Jackson
Immunoresearch#115-035-146).
Immunoprecipitation
48 hours after transient transfections, cells were washed in PBS and subsequently lysed in
TBS supplemented with 1% Triton X-100 (EMD Millipore), Complete Protease Inhibitor
(Roche), and 1 mM PMSF for 30 min on a nutator at 4oC. Soluble proteins were recovered
by centrifugation at 15,000 x g for 15 min at 4oC. Lysates were incubated with 1–2 μg of
antibody overnight on a nutator at 4oC. After incubation, 50 μl of a 50% slurry of proteinA
and proteinG agarose (Invitrogen) were added, and samples were incubated for an
additional 2 hr with gentle rocking at 4oC. The immunocomplexes were washed three times
with wash buffer (TBS with 0.1% Triton X-100) and boiled for 10 min in 2x Laemmli SDS
sample buffer and analyzed by western blotting. Proteins were resolved by SDS-PAGE and
transferred to nitrocellulose membranes (Amersham, UK). Membranes were blocked with
5% dry milk and 0.1% Tween 20 in PBS for 1 hr at room temperature and incubated with
primary antibodies overnight at 4oC. After three washes in PBS/0.1% Tween 20,
membranes were incubated with the appropriate HRP-conjugated secondary antibody at
room temperature for 1h. Signals were detected using ECL Prime (Amersham, UK)
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according to manufacturer’s instructions. Antibodies used: for immunoprecipitation, rabbit
anti-Myc (1:200, Millipore #06-549), and for western blot, mouse anti-FLAG (1:1000,
Sigma, F1804-50UG), mouse anti-HA (1:1000, BioLegend #901502), mouse anti-myc
(1:1000, 9E10, DSHB), mouse anti-beta tubulin (1:1000, E7, DSHB), rabbit anti-integrinβ1
(1:1000, Cell Signaling Technology #4706S), goat anti-rabbit HRP (1:10,000, Jackson
Immunoresearch #111-035-003) and goat anti-mouse HRP (1:10,000, Jackson
Immunoresearch #115-035-146).
For preparation of mouse brain and spinal cord lysates, wild-type and Ndfip1 KO mice were
anesthetized and whole brain and spinal cord were dissected and lysed in TBS
supplemented with 1% Triton X-100, Complete Protease Inhibitor, and 1 mM PMSF by using
a dounce homogenizer. Homogenized samples were incubated on ice for 1 hr and
centrifuged at 16,000 x g in an ice-cold centrifuge. Supernatants were collected after
centrifugation and immunoprecipitation and western blotting were performed as described
above. Antibodies used: mouse anti-Ndfip1 (D-4) (1:50, Santa Cruz Biotechnology #sc398469), mouse anti-Ndfip2 (E-4) (1:50, Santa Cruz Biotechnology #sc-376259), goat antiRobo1 (1:500, R&D systems #AF1749), goat anti-Robo2 (1:500, R&D systems #AF3147),
goat anti-Robo3 (1:1000, R&D systems #AF3076), goat anti-Dcc (1:500, R&D systems
#AF844) and donkey anti-goat HRP (1:10,000, Jackson Immunoresearch #705-035-003).
Immunohistochemistry
Embryos were fixed in 4% paraformaldehyde (Sigma) in PBS for 2 h at 4oC, cryoprotected in
30% sucrose in PBS overnight and frozen in NEG-50 Frozen Section Medium (Thermo
Fisher). Frozen embryos were thin-sectioned to yield 20 μM transverse sections with a
cryostat. Antibody staining was performed on cryostat sections after blocking in 5% NGS in
PBS containing 0.1% Triton-X100 or with 2% horse serum in PBS containing 0.1% Triton-
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X100 (for all anti-goat antibodies) for 1h at room temperature. Sections were then
incubated with primary antibodies overnight at 4oC. After three washes in PBS, sections
were incubated with species-specific secondary antibodies conjugated to fluorophores at
room temperature for 2 hr. Antibodies used: rabbit anti-Ndfip1 (1:100, Sigma
#HPA009682), mouse anti-TAG1 (1:100, DSHB #4D7), goat anti-Robo3 (1:200, R&D
systems #AF3076), goat anti-Robo1 (1:200, R&D systems #AF1749), rabbit anti-GFP
(1:1000, Invitrogen #A11122), rat anti-L1CAM (1:300, Millipore #MAB5272), Alexa488
goat anti-rabbit (Invitrogen, 1:500 #A11034), Cy3 goat anti-mouse (1:1000, Jackson
Immunoresearch # 115-165-003), Cy3 donkey anti-goat (1:400, Jackson Immunoresearch
#705-165-003), and Alexa633 goat anti-Rat (1:500, Invitrogen #A-21094).
In situ hybridization
DIG-labeled riboprobes were synthesized using a DIG RNA labeling kit (Roche) and were
used on 20µm transverse sections. Template for Ndfip1 probe was amplified from a mouse
DRG cDNA library and Ndfip2 probe was amplified from mouse Ndfip2 ORF clone (Origene
#MR202968). mRNA signal was visualized using BCIP/NBT and AP-conjugated anti-DIG
antibody. Primers used to amplify cDNA were: Ndfip1 (5’- AGAACGTCTCAGCGTCGG -3’ and
5’-CAGGAAGCCTTTGCCAGA -3’) and Ndfip2 (5’- ATGCGCGTCCGCGCCGAGCAT -3’ and 5’CTCGTCCTATGTGCAGCCGCCATAC -3’).
Open book spinal cord preparations and dye injections
Open book preparation from E12.5 spinal cords were isolated as previously described
(Lyuksyutova et al., 2003). After dissecting open-books, we fixed open-book preparations in
4% PFA for 45 - 60 min in 4oC. After fixation, open-books were incubated in ice-cold PBS
until ready to inject with Dil. We made multiple injections in the dorsal spinal cord cell
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bodies with Fast Dil (5 mg/ml Dil in DMSO) using a very fine needle. Leaked Dil was
removed by washing open-books in ice cold PBS. Dil injected open-book preparations were
incubated in ice cold PBS at 4oC for 3 days to let the dye to diffuse.
Quantification and statistical analysis
Embryos were scored blind to genotype. Data are presented as mean values ± s.e.m. All
statistical analyses were performed using the Student's t-test. All statistics and graphs were
generated using Microsoft Excel. Differences were considered significant when p < 0.05. The
thickness of spinal commissural bundle was quantified for each embryo on five to eight
sections per embryo. Three to four embryos of each genotype were quantified. The ratio of
the commissural axon bundle size was normalized to wild-type or heterozygous sibling
controls. In order to control for any variability in the size of embryo, the values of
commissure thickness were normalized with length of spinal cord. For western blots,
densitometry analysis was performed and quantified from three independent experiments
and normalized with tubulin levels. For surface labeling, fluorescence intensity was
measured as mean gray value (integrated density/area) by drawing an outer and inner
rings on either side of cell surface using Image J.
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Figure 3. 1. Ndfip1 and Ndfip2 trigger Robo1 re-localization and degradation in vitro.

(A) Sequence alignment showing the conservation of the PY (PPxY and LPxY) motifs
between Drosophila Comm and mammalian Ndfip proteins. (B, C) Cos-7 cells were
transiently co-transfected with Myc-Robo1 (0.5 µg) and with N-terminally HA-tagged
Ndfip1 (B) or Ndfip2 (C) (0.5 µg) expression constructs. 48 hours after transfection cell
extracts were prepared and analyzed by western blotting with anti-Myc and anti-HA
antibodies. Robo1 levels are strongly reduced in cells transfected with either Ndfip1 or
Ndfip2 (Ndfip1: 0.56 ± 0.09; p= 0.013 and Ndfip2: 0.194 ± 0.06; p=0.002). (D, E) HeLa cells
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were transiently transfected with either HA-tagged Ndfip1 (D) or Ndfip2 (E) (0.5 µg)
expression constructs, and the levels of endogenous Robo1 protein were analyzed with
anti-Robo1 antibody. Endogenous Robo1 levels were reduced in both Ndfip1 and Ndfip2
transfected cells (Ndfip1: 0.62 ± 0.04; p=0.005 and Ndfip2 (0.50 ± 0.02; p=0.0009) but
integrin beta-1 receptor levels are unaltered. An anti-Tubulin antibody was used to control
for equal protein loading. (F, G) Quantitative representations of band intensities of Myctagged Robo1 (F) or endogenous Robo1 (G) levels in Ndfip1 and Ndfip2 transfected cells.
(H-J) Confocal micrographs of COS-7 cells expressing Myc-tagged Robo1 and HA-tagged
Ndfip1 or Ndfip2. (H) In cells that were transfected with Myc-Robo1 alone, Robo1 was
mainly at the plasma membrane and golgi apparatus. (I, J) Co-transfection of Myc-Robo1 (in
green) either with HA-Ndfip1 (I) or HA-Ndfip2 (J) (in red) resulted in redistribution of
Robo1 into endosomes and reduced plasma membrane staining. (K) Cell lysates from COS-7
cells expressing Myc-hRobo1 and HA-tagged Ndfip proteins immunoprecipitated with antiMyc antibody and analyzed by western blot. Immunoprecipitates were probed with anti-HA
and the inputs (10% of total cell lysate used in the immunoprecipitation step) were
analyzed using the indicated antibodies. Both Ndfip1 and Ndfip2 were detected in Robo1
immunoprecipitates in Cos cell lysates. Error bars represent SEM. Significance was assessed
by Student's t-test *p<0.05, **p<0.01. Scale bar represents 10µm.
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Figure 3. 2. Ectopic expression of Ndfip1 or Ndfip2 decreases Robo1 surface levels in
vitro.

Confocal micrographs of COS-7 cells expressing N-Myc-Robo1 with empty HA-vector (A, A’)
or with Ndfip1-HA (B, B’) or with Ndfip2-HA (C, C’). Surface expression of Robo1 was
visualized by staining the N-terminal Myc-tag before fixation and permeabilization (A-C; in
green). The HA staining reveals the expression of Ndfip1 (B’; in red) and Ndfip2 (C’; in
red). DRAQ-5 is a nuclear marker. Co-expression of Ndfip1 or Ndfip2 with Robo1 leads to a
significant decrease in Robo1 at the cell surface. (D) The fluorescent intensity of surface
Robo1 is measured as a mean gray value. Error bars represent SEM. Control, n = 8; Ndfip1HA, n = 10; Ndfip2-HA, n = 12 (n, number of cells scored for each transfection) (Ndfip1: 29.8
± 5.74; Ndfip2: 17.6 ± 1.33; p<0.001). Significance was assessed by Student's t-test
**p<0.001. (E) HeLa cells transiently transfected with Myc-Robo1 and Ndfip1-HA or Ndfip2HA plasmids. 48 hours after transfection, cell surface proteins isolated using biotinylation
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were analyzed by western blot using anti-Myc antibody (top panel). Levels of total Robo1
and the expression of Ndfip proteins were analyzed by western blot using anti-Myc and
anti-HA antibodies respectively. An anti-Tubulin antibody was used to control for equal
protein loading. Biotinylated surface Robo1 levels were strongly reduced in Ndfip1 and
Ndfip2 transfected cells (Ndfip1: 0.60 ± 0.103, p=0.022; Ndfip2: 0.006 ± 0.004; p=0.0014).
(F) Quantitative representations for biotinylated surface Robo1 band intensities in control
vector, Ndfip1-HA and Ndfip2-HA transfected cells. Data was normalized to control. Error
bars represent SEM. Significance was assessed by Student's t-test *p<0.05, **p=0.001. Scale
bar represents 10µm.
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Figure 3. 3. Ndfip PY motifs and E3 ligase activity are required for Robo1 degradation.

(A-C) Confocal micrographs of COS-7 cells expressing Myc-tagged Robo1 and HA-tagged
Ndfip1 or 2 with mutations in the PY motifs. (A) Robo1 (in green) was mainly localized at
the plasma membrane and Golgi apparatus in cells that were co-expressed with vector
control. (B, C) Co-transfection of Robo1 with either Ndfip1 (B) or Ndfip2 (C) (in red) relocalize Robo1 into endosomes. (D, E) Co-transfection of Robo1 with either Ndfip1PY (D) or
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Ndfip2PY (E) does not alter Robo1 localization. (F, G) COS-7 cells were transfected with
plasmids expressing Myc-tagged Robo1, HA-tagged Ndfip1, Ndfip2, Ndfip1PY or Ndfip2PY as
indicated. PY mutant indicates Ndfip versions in which each PY motif was mutated from PxY
to PAG. 48 hours after transfection, cell surface proteins isolated using biotinylation were
analyzed by western blot using anti-Myc antibody. Co-expression of Ndfip1 or Ndfip2
strongly reduces both surface and total Robo1 protein levels but co-expression of either
Ndfip1PY or Ndfip2PY does not (Ndfip1: 0.3 ± 0.01, p<0.001 and Ndfip1-PY: 0.94 ± 0.19,
p<0.05, Ndfip2: 0.33 ± 0.10, p= 0.012 and Ndfip2-PY: 0.75 ± 0.05, p<0.05). (H, I) COS-7 cells
were transiently co-transfected with Myc-Robo1, FLAG-Ub, HA-Ndfip1 and HA-Ndfip2
expression constructs as indicated. After 48 hours of transfection, cells were treated with
100 µM Heclin for 2 hours. (H) Cell lysates were immunoprecipitated with anti-Myc
antibody and immunoprecipitates were western blotted with anti-FLAG antibody.
Ubiquitylated Robo1 was strongly reduced upon Heclin treatment. Ubiquitylated forms
appear as smears. (I) Robo1 protein is stabilized in Ndfip1 and Ndfip2 transfected cells that
were treated with Heclin (Ndfip1 with Heclin: 0.57± 0.004 versus Ndfip1: 0.3 ± 0.01, p<0.05
and Ndfip2 with Heclin: 0.63± 0.01 versus Ndfip2: 0.33 ± 0.10, p<0.05). The expression
levels of both Ndfip proteins and Robo1 were analyzed by western blot using anti-HA and
anti-Myc antibodies. An anti-Tubulin antibody was used to control for equal protein loading.
(J, K) Quantification of total Robo protein levels in cells expressing Ndfip1 or Ndfip2
proteins with mutations in the PY motifs or in cells treated with Heclin. Data was
normalized to tubulin levels. Error bars represent SEM. Significance was assessed by
Student's t-test *p<0.05, **p<0.001. (L, M) Schematic illustrations demonstrating the
mechanism and the effect of PY mutations in Ndfip proteins (L) or Heclin treatment (M) on
Robo protein levels. Scale bars in A-E represents 10µm.
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Figure 3. 4. Ndfip1 and Ndfip2 expression in the developing spinal cord.

mRNA in situ hybridization reveals clear expression of Ndfip1(A) and Ndfip2 (B) in E10.5
and E11.5 mouse spinal cord. mRNA probes to the sense strand serve as controls for the
specificity of Ndfip1 (A) and Ndfip2 (B) expression. Yellow arrows in the e11.5 images
show expression in regions of dorsal commissural axon cell bodies. (C) Representative
confocal images of transverse sections of wild-type mouse spinal cord from E10.5 to E12.5
labeled with anti-Ndfip1 antibody. Ndfip1 is expressed at the floor plate, in the motor
column and in DRGs. (D) Anti-GFP immunostaining of E10, E10.5 and E11.5 of embryos
reveals the pattern of Ndfip2 expression. Embryos are heterozygous for an allele of Ndfip2
where the coding sequence has been replaced by a GFP reporter. Commissural axons are
clearly labeled by E11.5. (E-G) Higher-magnification images of E10.5 and E11.5 spinal cord
sections illustrate co-labeling of Ndfip1 and Tag1 (E, F) or Robo1 (G) in the ventral
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commissure. Co-localization of Ndfip1 with Tag1 positive commissural axons demonstrates
the commissural axonal expression of Ndfip1. (H-J) Higher magnification of anti-GFP
immunostaining of E10.5 and E11.5 of Ndfip2-GFP heterozygous embryos reveals colabeling of Ndfip2 and Tag1 (H, I) or Dcc (J) in the ventral commissure. (K, L) Double
immunostaining of Ndfip1 (K, L in green) and Dcc (K, in red) or TAG-1 (L, in red) in
dissociated commissural neurons showing the expression of Ndfip1 in the cell body, axon
and growth cone of commissural neurons. Scale bars represents 50µm in A-D, 20µm in E-J
and in 10µm in K-L.
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Figure 3. 5. Ndfip1 and Ndfip2 mutant embryos have defects in midline crossing.

(A-D) Representative confocal images of E10.5 transverse spinal cord sections that were
taken from Ndfip1 or Ndfip2 heterozygous or mutant littermate mouse embryos. All sections
were processed for immunohistochemistry for Tag1 and Robo3. (A’-D’) Bottom rows show
the ventral commissure bundle at higher magnification. Ndfip1 and Ndfip2 mutant embryos
have a much reduced/or no Tag1 positive ventral commissure at E10.5 (A, C). (B, D) Cross
sections of E10.5 heterozygous or mutant Ndfip1 and Ndfip2 embryos stained with Robo3.
Ndfip1 and Ndfip2 mutant embryos have a reduced Robo3 positive ventral commissure at
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E10.5 (B, D). Robo3 positive axons are defasciculated at E10.5 (arrows in B, D) with a few
axons observed in the motor column in E10.5 Ndfip1 mutant embryos. (E, F) Quantification
of Tag1 positive and Robo3 positive commissure thickness at E10.5. The thickness of the
axon bundle at the ventral midline is represented as commissure size in wild type and
Ndfip1, or Ndfip2 mutant embryos. In order to control for any variation in size of the
embryos, the values of commissure thickness were normalized with length of the spinal
cord (distance between the floor plate and roof plate using Image J). Data were normalized
to sibling controls. There was a significant reduction in either Tag1 or Robo3 positive
commissural axon bundle thickness at the ventral midline at E10.5. The quantifications
show the mean and SEM of five to eight sections per embryo, where n=3 embryos for Ndfip1
heterozygotes and mutants, n=3 embryos for Ndfip2 heterozygotes and n=4 for Ndfip2
mutants. (A) Ndfip1 mutant, Tag-1+ (0.5 ± 0.003, p=0.0024), (B) Ndfip1 mutant, Robo3+
(0.50 ± 0.006, p=0.0058), (C) Ndfip2 mutant, Tag-1+ (0.72± 0.008, p=0.032) and (D) Ndfip2
mutant, Robo3+ (0.72 ± 0.012, p=0.015). Significance was assessed by Student's t-test, ∗∗p
< 0.01, and ∗p<0.05. Scale bars represents 50µm in A-D and 20µm in A’-D’.
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Figure 3. 6. Commissural axon guidance defects in Ndfip double mutants.

(A-B) Representative confocal images of E11.5 transverse spinal cord sections that were
taken from Ndfip2+/- or Ndfip2-/- or Ndfip1-/-; Ndfip2-/- mouse embryos. All sections were
processed for immunohistochemistry for Tag1 and Robo3. Bottom rows show the ventral
commissure bundle at higher magnification. Ndfip1-/-; Ndfip2-/- mutant embryos exhibit
significant reduction in ventral commissure thickness compared to Ndfip2-/- and Ndfip2+/embryos. (C, D) Quantification of Tag1 positive and Robo3 positive commissure thickness
normalized with the length of the spinal cord at E11.5 in Ndfip2+/- or Ndfip2-/- or Ndfip1-/-;
Ndfip2-/- mouse embryos. Robo3+ commissure thickness in Ndfip2-/- (0.8 ± 0.013,
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p=0.0015), Ndfip1-/-; Ndfip2-/- (0.6 ± 0.014, p< 0.0001) and Tag-1+ commissure thickness
in Ndfip2-/- (0.73 ± 0.012, p=0.0004), Ndfip1-/-; Ndfip2-/- (0.55 ± 0.008, p< 0.0001). The
quantifications show the mean and SEM of five to eight sections per embryo, where n=3
embryos were analyzed for each indicated genotype. (E-L) Confocal images of Dil injections
in E12.5 spinal cord open-book preparations labeling commissural axons. The majority of
axons in open-book preparations of wild-type embryos crossed the floor plate and turned
anteriorly on the contralateral side (E and F). In contrast, labeled axons in Ndfip2 -/- spinal
cords frequently stop short and fail to make the correct anterior turn (G). In a few embryos,
we also observed that some axons take an abnormal posterior turn in Ndfip2 mutant spinal
cords (denoted with asterisk in H). In Ndfip1-/-; Ndfip2-/- these phenotypes are
significantly stronger than those observed in the Ndfip2 single mutant cords (I - K). In
addition to stalling phenotypes, we sometimes observe ipsilateral mis projections in the
spinal cord of Ndfip1-/-; Ndfip2-/- spinal cords (denoted with asterisk in L). (M) The
graph represents the percentage of the axons with indicated phenotype. The percentage of
axons that turned anteriorly is significantly decreased in Ndfip2-/- and Ndfip1-/-; Ndfip2-/mouse embryos compared to wild-type control. Percentage of axons that turned anteriorly
in Ndfip2-/- (50% ± 0.40, p=0.0016) and in Ndfip1-/-; Ndfip2-/- (18% ± 0.34, p<0.0001).
Wild-type; n=4 with number of injection sites 17, Ndfip2-/-; n=5 with number of injection
sites 22, Ndfip1-/-; Ndfip2-/-; n=3 with number of injection sites 11 (n= number of embryos
analyzed for each genotype). Significance was assessed by Student's t-test, ∗∗p < 0.0001 and
∗p<0.01. FP means floor plate. Scale bars represents 50µm in A-B, higher magnification
images in A-B is 20µm and 20µm in E-L.
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Figure 3. 7. Robo1 expression is increased in Ndfip mutants.

(A-C) Immunohistochemistry against Robo1 protein labels post-crossing axons, precrossing (arrow mark) and crossing commissural axons (arrowhead). At E11.5, in Ndfip1
mutant spinal cord, Robo1 levels were increased in pre-crossing commissural axons (B, C,
arrow with asterisk) compared to wild-type (A, arrow). Robo1 positive axons are
observed crossing the midline in Ndfip1 mutant embryos (B’ and C’, arrowhead with
asterisk) (n=4, n denotes the number of embryos). The variability of the Robo1 expression
in Ndfip1 mutant embryos is represented in B and C. (B’- C’) Higher magnification images at
the floor plate region. (D) Quantitative representation of Robo1 pixel intensity at the
commissure in control, Ndfip1-/-, Ndfip2-/- and Ndfip1-/-; Ndfip2-/- spinal cord sections.
Brain extracts (E) and spinal cord extracts (F) from wild-type and Ndfip1 mutant adult mice
were immunoblotted with anti-Robo1 and anti-Robo2 antibodies. Anti-Tubulin antibody
was used as a loading control. Robo1 levels were increased in both Ndfip1 mutant brain or
spinal cord lysates compared to wild-type whereas Robo2 levels are unaltered. (G and H)
Quantitative representation of band intensities of Robo1, Robo2, Dcc in brain lysates or
Robo1, Robo2 in spinal cord lysates that were normalized with tubulin levels. Error bars
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represent SEM. Significance was assessed by Student's t-test *p<0.05, **p<0.01; ns, nonsignificant. Scale bars represents 50µm in A-C and 20µm in A’-C’.
Figure 3. S 1. Ndfip effects on Robo2 and Robo3 levels in vitro.

(A, B) HEK293T cells were transiently co-transfected with Myc-His-hRobo2 (0.5 µg) and
with HA tagged Ndfip1 (A) or Ndfip2 (B) (0.5 µg) expression constructs. 48 hours after
transfection cell extracts were prepared and analyzed by western blotting with anti-Myc
and anti-HA antibodies (C) Quantification of Robo2 expression reveals no changes in the
presence of Ndfip proteins. (D) 293T cells were transiently transfected with HA tagged
Ndfip1 or Ndfip2 and myc-tagged Robo3.1. Both Ndfip1 and Ndfip2 resulted in a significant
decrease of Robo3.1 expression as quantified in (F). (E, G) Ectopic expression of Itch
(another PY motif containing protein) does not significantly alter Robo1 levels. An antiTubulin antibody was used to control for equal protein loading. Error bars represent SEM.
Significance was assessed by Student's t-test *p<0.01, **p<0.001.
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Figure 3. S 2. Ndfip proteins are localized to Golgi and late endosomes.

(A-F) Confocal micrographs of COS-7 cells expressing HA tagged Ndfip proteins and GFPRab5 or YFP-Rab7 expression plasmids. Both Ndfip1 (A) and Ndfip2 (B) were co-localized
with the Golgi apparatus marker, GM130. Neither of the Ndfip proteins co-localize with the
early endosome marker, Rab5 (C, D, arrows). In cells that were co-transfected with YFPRab7 and with either HA tagged Ndfip1 or Ndfip2, Ndfip proteins are co-localized with
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Rab7, a marker of the late endosome (E, F, arrows with asterisks). Scale bar represents
10µm.

Figure 3. S 3. Ndfip proteins bind to the Robo1 receptor in vitro and in vivo.

(A) Cell lysates from 293T cells expressing Myc-hRobo1 and HA-tagged Ndfip proteins
immunoprecipitated with anti-Myc antibody and analyzed by western blot.
Immunoprecipitates were probed with anti-HA and the inputs (10% of total cell lysate used
in the immunoprecipitation step) were analyzed using the indicated antibodies. Both
Ndfip1 and Ndfip2 were detected in Robo1 immunoprecipitates in 293T cell lysates. (B, C)
Co-immunoprecipitation of endogenous Robo1 with Ndfip proteins. Endogenous Ndfip1 or
Ndfip2 were immunoprecipitated from wild-type mouse brain lysates with anti-Ndfip1 (B)
or anti-Ndfip2 (C) antibodies. Immunoprecipitation with non-specific IgG was performed as
a negative control. Co-immunoprecipitated Robo1 was detected by western blotting using
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anti-Robo1 antibody. Robo1 was detected in both Ndfip1 and Ndfip2 immnunoprecipitated
brain extracts. An anti-Tubulin antibody was used to control for equal protein loading.

Figure 3. S 4. Ndfip proteins induce Robo1 ubiquitylation and degradation.

(A, B) COS-7 cells were transiently co-transfected with Myc-Robo1, FLAG-Ub, and either
Ndfip1-HA or Ndfip2-HA expression constructs as indicated. After 24 hours of transfection,
cells were treated with 5 µM MG132 (A) or with 50 µM Chloroquine (B) for 24 hours. Cell
lysates were immunoprecipitated with anti-Myc antibody and probed with anti-FLAG
antibody. Robo1 ubiquitylation was strongly increased upon co-expression of either Ndfip1
or Ndfip2 and further enhanced by the inhibition of either the proteasomal or lysosomal
degradative pathways. (C) COS-7 cells were transiently co-transfected with Myc-Robo1,

196

Ndfip1-HA and Ndfip2-HA expression constructs as indicated. After 24 hours of
transfection, cells were treated with 5 µM MG132 or with 50 µM Chloroquine for 24 hours.
The expression levels of Robo1 were analyzed with anti-Myc antibodies. The expression
levels of Ndfip1 and Ndfip2 were monitored with anti-HA antibodies. Ubiquitylated forms
appear as smears (A, B). An anti-Tubulin antibody was used to control for equal protein
loading. Asterisks in A indicate non-specific bands arising from Ndfip2-HA transfected cells
dominating Ndfip1-HA signal. (D, E) Quantification of total Robo1 protein levels in cells
expressing Ndfips in the presence or absence of 5 µM MG132 (D) or 50 µM Chloroquine (E).
Data was normalized to tubulin levels. Error bars represent SEM. Significance was assessed
by Student's t-test *p<0.05, **p<0.001.
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Figure 3. S 5. Figure 3.S5: PY motif mutations in the Ndfip proteins do not alter their
localization.

(A-D) Confocal micrographs of COS-7 cells expressing HA tagged PY mutant form of Ndfip
proteins and GFP-Rab5 or YFP-Rab7 expression plasmids. Both PY mutant forms of Ndfip
were predominantly co-localized with the late endosomal marker, Rab7 (C, D) but not with
the early endosomal marker, Rab5 (A, B). Scale bar represents 10µm.

198

Figure 3. S 6. Ndfip expression is absent in Ndfip mutants.

In situ hybridizations for Ndfip1 (A, B) and Ndfip2 (C, D) mRNA on transverse sections of
E11.5 control and knockout embryonic spinal cord. The in situ signal for Ndfip1 and Ndfip2
is strongly reduced in knockout embryonic spinal cords compared to control. (E, G, I)
Transverse sections of Ndfip1 +/- E10.5, E11.5 or E12.5 embryonic spinal cords
immnunostained with anti-Ndfip1 antibody shows Ndfip1 expression in commissural axons
at the floor plate. (F, H, J) Ndfip1 knockout embryonic spinal cords immunostained with
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anti-Ndfip1 antibody shows a reduced signal at all stages examined. Scale bar represents
50µm.

Figure 3. S 7. Ndfip1 is expressed in commissural neurons.

(A, B) Representative confocal images of transverse sections of wild-type mouse E11.5
spinal cord co-labeled with anti-Ndfip1 and anti-Dcc or anti-Robo3 antibodies. Ndfip1 is
expressed at the floor plate, in the motor column and in DRGs. (C-E) Higher-magnification
images (40X) of E11.5 spinal cord sections illustrate co-labeling of Ndfip1 and Dcc (C) or
Robo3 (D) or L1CAM (E) in the ventral commissure. Co-localization of Ndfip1 with Dcc
positive commissural axons demonstrates the commissural axonal expression of Ndfip1.
Scale bar represents 50µm in A and B and 20µm in C-E.
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Figure 3. S 8. Ndfip1 and Ndfip2 mutant embryos have defects in midline crossing.

(A-D) Representative confocal images of E11.5 transverse spinal cord sections that were
taken from wild-type (WT), Ndfip1, or Ndfip2 mutant littermate mouse embryos. All
sections were processed for immunohistochemistry for Tag1 and Robo3. (A’-D’) Bottom
rows show the ventral commissure bundle at higher magnification. Ndfip1 and Ndfip2
mutant embryos have a reduced Tag1 positive ventral commissure at E11.5 (A, C). (B, D)
Cross sections of E11.5 wild-type (WT) and Ndfip1, or Ndfip2 mutant embryos stained with
Robo3. Ndfip1 and Ndfip2 mutant embryos have a reduced Robo3 positive ventral
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commissure at E11.5 (B, D). (E, F) Quantification of Tag1 positive and Robo3 positive
commissure thickness at E11.5. The thickness of the axon bundle at the ventral midline is
represented as commissure size in wild type and Ndfip1, or Ndfip2 mutant embryos. Data
were normalized to sibling controls. There was a significant reduction in either Tag1 or
Robo3 positive commissural axons at the ventral midline at E11.5. (A) Ndfip1 mutant, Tag1+ (89.3 ± 8.04, p=0.035), (B) Ndfip1 mutant, Robo3+ (71.9 ± 11.6, p=0.0009), (C) Ndfip2
mutant, Tag-1+ (76.3 ± 5.51, p<0.0001), and (D) Ndfip2 mutant, Robo3+ (72.8 ± 10.5,
p=0.0001). The quantifications show the mean and SEM of five to eight sections per embryo,
where n=3 embryos for WT, n=4 for Ndfip1 or Ndfip2 mutants at E11.5. Significance was
assessed by Student's t-test, ∗∗∗p < 0.001, ∗∗p < 0.01, and ∗p < 0.05. Scale bar represents
50µm in A-D and 20µm in A’-D’.
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Figure 3. S 9. Robo3 expression in Ndfip1 mutants.

(A) Brain extracts or (B) spinal cord extracts from wild-type and Ndfip1 mutant adult mice
were immunoblotted with anti-Robo3 and anti-Ndfip1 antibodies. Anti-Tubulin antibody
was used as an equal protein loading control. Robo3 levels were significantly decreased in
Ndfip1 mutant brain lysates compared to wild-type (A) whereas Robo3 levels were
unaltered in Ndfip1 mutant spinal cord lysates (B). (C) Quantitative representation of band
intensities of Robo3 that were normalized with tubulin levels. Error bars represent SEM.
Significance was assessed by
Student's t-test *p<0.05, ns, non-significant.
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Figure 3. S 10. Schematic illustration of Ndfip mediated regulation of Robo to promote
midline crossing in vertebrates.

(A) In crossing commissural axons, Ndfip1/2 is expressed and it induces the ubiquitylation
and degradation of newly synthesized Robo1 by recruiting an unidentified HECT E3
ubiquitin ligase. Thus, Ndfip1/2 prevents Robo1 from reaching to the growth cone surface
and promotes midline crossing. In post-crossing axons, Ndfip1/2 expression is inhibited by
an as yet-unknown mechanism, thereby allowing Robo1 to reach the growth cone surface
and prevent these axons from re-crossing the midline. (B) Schematics of mouse embryonic
spinal cord sections showing the floor plate (FP) and roof plate (RP). In the wild-type mouse
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embryonic spinal cord, Ndfip1/2 negatively regulates Robo1 expression to allow midline
crossing. In Ndfip1or Ndfip2 mutants, Robo1 expression is increased in commissural axons
prior to midline crossing resulting in a premature response to Slit.
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CHAPTER 4
A NEDD4 E3 UBIQUITIN LIGASE PATHWAY INHIBITS ROBO1
REPULSION TO PROMOTE COMMISSURAL AXON GUIDANCE ACROSS
THE MIDLINE
Gorla, M., Chaudhari, K., Hale, M. H., & Bashaw, G. J. (2021). A Nedd4 ubiquitin ligase
pathway inhibits Robo1 repulsion to promote commissural axon guidance across the
midline. Manuscript in submission.

Commissural axons initially respond to attractive signals at the midline, but once
they cross, they become sensitive to repulsive cues. In insects and mammals, negative
regulation of the surface expression of Roundabout (Robo) receptors prevents premature
response to Slit. We previously identified two mammalian Nedd4 interacting proteins,
Ndfip1 and Ndfip2, that act analogously to Drosophila Commissureless (Comm) to recruit
mammalian Robo1 to late endosomes. However, whether Nedd4 E3 ubiquitin ligases are
required for Ndfip-mediated Robo regulation and midline axon crossing in vivo is not
known. Here we show using in vitro biochemical techniques and genetic analysis that
Nedd4-1 and Nedd4-2 are specifically required for Robo regulation and spinal commissural
axon guidance. Biochemical data indicate that Robo1, Ndfip and Nedd4 form a ternary
protein complex that depends on the presence of Ndfip, and these interactions are required
for Robo1 endosomal sorting, ubiquitylation and degradation. Nedd4-1 and Nedd4-2 are
expressed in commissural neurons in the developing spinal cord, and conditional deletion of
Nedd4-1 or Nedd4-2 results in dose-dependent defects in midline crossing. We propose that
Nedd4 E3 Ubiquitin ligases and their adaptor proteins Ndfip1/2 constitute a vital
intracellular trafficking pathway required to down-regulate Robo1 and promote midline
crossing of commissural axons.
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Introduction
During the development of the nervous system, many neurons extend their axons
across the midline to establish circuits that are important for sensory, motor and cognitive
functions (Dickson and Zou, 2010; Kaprielian et al., 2001; Neuhaus-Follini and Bashaw,
2015a; Vallstedt and Kullander, 2013). In both insects and mammals, midline crossing is
controlled by the precise balance of attractive and repulsive signals secreted by the midline
and other cells (Evans and Bashaw, 2010; Gorla and Bashaw, 2020). Commissural axons
first respond to attractive signals, including members of the Netrin and Sonic Hedgehog
families (Charron et al., 2003; Ishii et al., 1992; Mitchell et al., 1996; Serafini et al., 1996),
which guide them to the midline. Once they have crossed the midline, commissural axons
become responsive to repellents, including Slit and Semaphorin proteins (Brose et al., 1999;
Kidd et al., 1999; Zou et al., 2000). This change in response prevents commissural axons
from re-entering the midline, allowing them to reach their contralateral synaptic targets.
Slit ligands and their Roundabout (Robo) receptors direct repulsive axon guidance
at the midline, and this function is highly conserved (Blockus and Chedotal, 2016; Brose and
Tessier-Lavigne, 2000). Axons expressing Robo receptors are repelled from the midline in
response to Slit. In both insects and mammals, commissural axons prevent premature
responsiveness to Slit by regulating the expression and activity of Robo receptors (Evans et
al., 2015; Keleman et al., 2002; Sabatier et al., 2004). In Drosophila, Commissureless (Comm)
negatively regulates Robo1 surface expression to prevent repulsive signaling before midline
crossing (Keleman et al., 2002; Kidd et al., 1998; Seeger et al., 1993; Tear et al., 1996).
Comm inhibition of Slit-Robo repulsion is essential for midline crossing. Prior to entering
the midline, Comm expression is upregulated in commissural neurons, in part by a
mechanism involving the transcriptional activation function of the Frazzled (Fra) receptor
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intracellular domain (Neuhaus-Follini and Bashaw, 2015b; Yang et al., 2009). Comm is
thought to act by diverting newly translated Robo1 into the late endosomal compartment,
thus preventing Robo1 expression at the cell surface (Keleman et al., 2002; Keleman et al.,
2005).
In contrast to Slit ligands and Robo receptors, the comm gene is not conserved
outside of insects (Evans and Bashaw, 2012; Keleman et al., 2002). This raises an important
question: how are Robo1 surface levels negatively regulated in commissural axons in the
mammalian spinal cord? Recently, we reported that Nedd4-family interacting proteins,
Ndfip1 and Ndfip2, which share limited sequence similarity to the functional domain of
Drosophila Comm, regulate mammalian Robo1 trafficking through an analogous mechanism
(Gorla et al., 2019). Like Comm, Ndfip1 and Ndfip2 can prevent the surface expression of
mammalian Robo1 receptors by recruiting them to late endosomes in vitro. In addition to
altering Robo1 localization, Ndfip proteins also promote the ubiquitylation and degradation
of Robo1. In vitro, point mutations that disrupt the interaction of Ndfip proteins with E3
ligases or pharmacological inhibition of HECT E3 ligase activity result in a failure to reduce
surface Robo1 levels suggesting that Ndfip regulation of Robo1 depends on HECT E3 ligases.
Ndfip1 and Ndfip2 proteins are expressed in commissural axons in the developing spinal
cord, and in Ndfip1 and Ndfip2 single and double knockout mice, Robo1 expression is
increased in pre-crossing commissural axons, and there is a significant reduction in midline
crossing. These findings raise the intriguing possibility that Ndfip proteins recruit one or
more HECT-family E3 ligases to regulate Robo1 expression and commissural axon guidance
in the spinal cord; however, a clear role for ubiquitin ligases in midline guidance has not
been demonstrated.
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Here, we investigate the role for Nedd4 family E3 ubiquitin ligases in commissural
axon guidance in the developing mammalian spinal cord. Biochemical evidence shows that
the Ndfip adapter proteins can interact with the seven vertebrate E3 ligases that we have
tested, and these interactions require the WW-domain binding sites present in Ndfip
proteins. Despite the promiscuity of these interactions, our biochemical data indicates that
only Nedd4-1, Nedd4-2 and WWP-1 can promote the ubiquitylation and degradation of
Robo1 in vitro, and these activities depend on the key catalytic cysteine residues in the E3
ligases. In addition, we present evidence that Nedd4-1 and Nedd4-2 can form a ternary
complex with Ndfip proteins and Robo1. This protein complex depends on the presence of
Ndfip proteins. We detect Nedd4-1 and Nedd4-2 transcript and protein in the developing
spinal cord, including in commissural neurons at E11.5 when commissural axons cross the
midline. Conditional knockout of Nedd4-1, Nedd4-2 or both leads to defects in commissural
axon guidance, where axons frequently fail to cross the floor plate. Together, our findings
support a model in which the regulated trafficking and E3 ubiquitin ligase-mediated
degradation of Robo receptors represents an important mechanism to prevent premature
responsiveness to the midline repellant, Slit.
Results
HECT domain containing Nedd4 family E3 ubiquitin ligases interact with Ndfip proteins
In mammals, the Nedd4 family of E3 ubiquitin ligases includes seven closely related
proteins: Nedd4 (Nedd4-1), Nedd4L (Nedd4-2), Itch, WWP1, WWP2, Smurf1, and Smurf2,
and two more divergent ligases: NEDL1 and NEDL2 (Figure 4.1A). All of these proteins are
characterized by a unique domain architecture consisting of N-terminal C2 domain,
followed by WW domains and a C-terminal HECT domain. Earlier studies suggest that WW
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domains in E3 ligases can interact with proline-rich PY motifs in Ndfip proteins with high
affinity and that these interactions are important for E3 ligase activation and also for
substrate ubiquitylation (Figure 4.1B) (Harvey et al., 2002; Mund and Pelham, 2009, 2010;
Shearwin-Whyatt et al., 2004).
We first sought to determine which of the HECT-family ligases can interact with
Ndfip1 and Ndfip2 (Figure 4.1). We focused our analysis on the seven most closely related
HECT-family ligases and tested for interactions in vitro in 293T cells (Figure 4.1A). We coexpressed Myc-tagged Ndfip proteins and HA-tagged E3 ligases and immunoprecipitation
was performed using an anti-Myc antibody. In these experiments, all the Nedd4 E3 ligases
co-immunoprecipitated with Ndfip1 and Ndfip2, confirming that Ndfip proteins and Nedd4
E3 ligases can physically interact (Figure 4.1C). Since the PY motifs of both Ndfip1 and
Ndfip2 are important for their interaction with WW domains (Harvey et al., 2002; Mund and
Pelham, 2009, 2010; Shearwin-Whyatt et al., 2004) , we also performed a similar set of
immunoprecipitations with Ndfip proteins bearing mutations in their PY motifs. For the PY
mutant variants of Ndfip, each PY motif was mutated from PxY to PAG to generate Ndfip1PY
and Ndfip2PY. Most of the Nedd4 E3 ligases completely failed to co-immunoprecipitate with
Ndfip1PY and Ndfip2PY, confirming the importance of PY motifs in Ndfip proteins for
Nedd4 ligase interactions (Figure 4.1D). Interestingly, these mutated Ndfip proteins can still
bind to Smurf1 and Smurf2, albeit at a decreased level, suggesting that Ndfip proteins may
have additional binding sites for Smurf proteins (Figure 4.1D). In addition to demonstrating
biochemical interactions between Ndfip proteins and HECT E3 ligases, we also examined
the sub-cellular localization of the E3 ligases in the presence and absence of Ndfip (Figure
4.S1A). When transfected alone, all seven of the HECT E3 ligases exhibit diffuse cytosolic
staining; however, when either Ndfip1 or Ndfip2 are co-expressed, several of the E3 ligases,
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including Nedd4, WWP1 and Itch co-localize with Ndfip in discrete intracellular puncta
(Figure 4.S1A). Based on our previous findings showing strong co-localization of Ndfip
proteins with the late endocytic marker Rab7 (Gorla et al., 2019), we believe these puncta
are likely endosomal compartments. Furthermore, in E15 cortical neurons, Ndfip2 leads to
the striking relocalization of endogenous Nedd4-1 to intracellular puncta (Figure 4.S1B).
Together, these data show that Ndfips can interact with all seven of the Nedd4 family
ubiquitin ligases in vitro via their PY motifs.
Nedd4-1, Nedd4-2 and WWP1 can promote Robo1 degradation
The finding that all of the HECT-family ligases that we tested can associate with
Ndfip proteins may reflect broad requirements for the Ndfip-mediated degradative
pathway. However, given our interest in Robo1 regulation, we further tested whether these
ligases can all contribute to the down regulation of Robo1 in vitro (Figure 4.2). We coexpressed Myc-tagged Robo1, HA-tagged Ndfip proteins and Nedd4 family E3 ligases in
293T cells and quantified overall protein levels of Myc-tagged Robo1. Notably, among the
seven ligases tested, only Nedd4-1, Nedd4-2 and WWP1 significantly reduced Robo1
protein levels, indicating that the association of E3 ligases with Ndfip proteins is not
sufficient for their ability to regulate Robo1 levels (Figure 4.2A and B). We next sought to
determine if the ability of E3 ligases to regulate Robo1 protein levels correlates with their
ability to drive Robo1 ubiquitylation. To answer this question, we co-expressed Myc-tagged
Robo1, FLAG- tagged Ubiquitin, HA-tagged Ndfip proteins and Nedd4 family E3 ligases in
293T cells. We performed immunoprecipitation studies with an anti-Myc antibody followed
by western blot analysis with anti-FLAG to monitor ubiquitylated Robo1 (Figure 4.2C and
D). We observe minimal Robo1 ubiquitylation under basal conditions. Consistent with our
previously published observations (Gorla et al., 2019), expression of Ndfip1 and Ndfip2
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leads to a significant increase in the amount of ubiquitylated Robo1 compared to basal
conditions. We see a further increase in Robo1 ubiquitylation in cells that co-expressed
Nedd4-1 and Nedd4-2, but not in cells that express the other HECT family ligases,
suggesting that Nedd4-1 and Nedd4-2 can specifically promote Robo1 ubiquitylation in the
presence of Ndfip proteins (Figure 4.2C and D). One caveat to these experiments is that we
are unable to achieve consistent expression of WWP1 in these assays; indeed, WWP1 is
always detected at significantly lower levels than the other ligases (Figure 4.2A), suggesting
that it is less stable under our experimental conditions. Given its robust effect on Robo
expression levels (Figure 4.2A and B), we believe it is highly likely that WWP1 can also
target Robo1 for ubiquitylation.
Given Nedd4-1/2’s ability to enhance Robo1 ubiquitylation and degradation, we
next tested the importance of the ligase activity of Nedd4-1/2 in Ndfip-mediated Robo1
ubiquitylation. Nedd4 family E3 ligases are defined by a conserved C-terminal HECT
domain, which requires an active site cysteine for ubiquitin transfer to substrate proteins.
Using site-directed mutagenesis, we mutated these cysteine residues in Nedd4-1 and
Nedd4-2 to generate catalytically inactive Nedd4-1C867A and Nedd4-2C942A. We
hypothesized that catalytically inactive Nedd4-1/2 would not be able to promote Robo1
ubiquitylation. Indeed, while Robo1 is robustly ubiquitylated in 293T cells that coexpressed Ndfip1/2 and wild type Nedd4-1/2, overexpression of either Nedd4-1C867A or
Nedd4-2C942A fails to promote Ndfip-mediated Robo1 ubiquitylation. This suggests that
Nedd4-1 and Nedd4-2 require their ligase activity to enhance Robo1 ubiquitylation in the
presence of Ndfip proteins (Figure 4.3A-C, Figure 4.S2). As a second approach to test the
importance of E3 ligase activity, we measured the level of Robo1 ubiquitylation in Ndfip1/2
and Nedd4-1/2 transfected 293T cells in the presence or absence of Heclin, which inhibits
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several HECT ligases in cultured cells (Figure 4.3D and E)(Mund et al., 2014). As before, the
amount of Robo1 ubiquitylation is strongly increased in cells that co-express Ndfip1/2
along with either Nedd4-1 or Nedd4-2. However, Robo1 ubiquitylation is significantly
decreased in cells that are treated with Heclin, indicating the importance of Nedd4 E3 ligase
activity in Ndfip-mediated Robo1 degradation (Figure 4.3D and E, Figure 4.S2). Collectively,
our data provide compelling evidence that a complex containing active Nedd4-1 or Nedd4-2
along with Ndfip proteins is important for the regulation of Robo1 turnover in vitro.
Nedd4-1, Ndfip and Robo1 can form a protein complex in vitro
Since Nedd4-1 and Nedd4-2 specifically enhance Ndfip-mediated Robo1
ubiquitylation in vitro, we further explored the role of Nedd4-1 and Nedd4-2 in Robo1
regulation. Ndfip proteins interact with Nedd4 family E3 ubiquitin ligases to regulate the
levels of specific substrate proteins (Foot et al., 2008; Mund and Pelham, 2009, 2010;
Trimpert et al., 2017), and we have previously shown that Ndfip proteins can bind to Robo1
(Gorla et al., 2019). If Ndfip proteins can act as adaptor proteins between Robo1 and E3
ligases, we predicted that we could detect the presence of a Robo1/Ndfip/Nedd4 complex in
vitro. To test this idea, we co-expressed Myc-tagged full-length Robo1 with HA-tagged Ndfip
proteins along with HA-tagged Nedd4-1/2 in 293T cells and used an anti-Myc antibody to
co-immunoprecipitate Robo1. Consistent with our previously published results (Gorla et al.,
2019), both Ndfip1 and Ndfip2 readily co-immunoprecipitated with Robo1 (Figure 4.4A).
However, in the absence of Ndfip proteins, neither Nedd4-1 nor Nedd4-2 coimmunoprecipitate with Robo1, indicating that Robo1 and Nedd4 proteins are unlikely to
directly interact (Figure 4.4A). Consistent with this, while expression of Ndfip can relocalize
Robo1 to intracellular puncta, expression of either Nedd4-1 or Nedd4-2 in the absence of
co-expressed Ndfip proteins are unable to re-localize Robo1 to intracellular puncta (Figure
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4.S3). Further, immunostaining for surface Robo1 in the presence or absence of Nedd4-1 or
Nedd4-2 shows that neither Nedd4-1 nor Nedd4-2 can downregulate surface pools of
Robo1 (Figure 4.S3). In contrast to these observations, both Nedd4-1 and Nedd4-2 can be
co-immunoprecipitated with Robo1 in the presence of Ndfip1 or Ndfip2 (Figure 4.4A). This
is consistent with a model in which Nedd4-1 and Nedd4-2 form a complex with Robo1 only
in the presence of Ndfip proteins (Figure 4.4A). Together with the ubiquitylation and
degradation data (Figures 4.2 and 4.3), these protein interaction experiments support the
model that Ndfip proteins bind to Robo1 and recruit Nedd4 ligases to drive its
ubiquitylation and degradation (Figure 4.4B).
These observations suggest that the formation of a ternary complex may be what
confers the selectivity of Nedd4-1 and Nedd4-2 to drive Robo ubiquitylation and
degradation. To further investigate this possibility, we tested whether Smurf-1 and Smurf-2,
HECT family ligases that are unable to regulate Robo1, are also unable to form a protein
complex with Robo1 and Ndfip. To our surprise, we were also able to detect a ternary
complex between Ndfip proteins, Smurf and Robo1, indicating that other properties in
addition to substrate recruitment are required for substrate specificity (Figure 4.S3).
Nedd4-1 and Nedd4-2 are expressed in spinal commissural axons
Given the compelling in vitro evidence that suggests a role for Nedd4-1/2 in Ndfipmediated Robo1 degradation, we next sought to explore potential in vivo roles for the
Nedd4-1 and Nedd4-2 during axon guidance. We first examined their expression during
embryonic stages when spinal commissural axons are growing toward and crossing the
floor plate. In E11.5 spinal cords, Nedd4-1 mRNA expression is specifically enriched in the
floor plate region, motor column and in the Dorsal Root Ganglia (DRG) (Figure 4.5A).
Nedd4-2 mRNA expression also appears to be enriched in these regions, but to a lesser
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extent than Nedd4-1 (Figure 4.5B). Both Nedd4-1 and Nedd4-2 mRNA signal is detected in
the dorsal spinal cord in areas occupied by commissural neurons (Figure 4.5A and B). No
signal is detected using sense control probes, indicating that these mRNA expression
patterns are specific (Figure 4.5A and B). It is worth noting that Ndfip1/2 transcripts also
have a comparable expression pattern to Nedd4-1/2 transcripts in the developing spinal
cord (Gorla et al., 2019). In contrast to Nedd4-1 and Nedd4-2, we do not detect robust
expression of WWP1 in the developing spinal cord (Figure 4.5C); thus, we have restricted
further analysis of expression and function to Nedd4-1 and Nedd4-2. Antibody staining
reveals that both Nedd4-1 and Nedd4-2 are expressed in commissural axons at embryonic
stage E11.5 (Figure 4.5D and E). In addition, we also observed Nedd4-1/2 signal strongly in
the DRG and moderately in motor neurons (Figure 4.5D and E). Co-localization of Nedd41/2 with Robo3 indicates that Nedd4-1/2 are expressed in both the pre and post-crossing
portions of commissural axons (Figure 4.5D and E). Interestingly, in contrast to the Nedd4
proteins, Ndfip1 appears to be more strongly expressed in pre-crossing commissural axons
relative to post-crossing axons (Gorla et al., 2019). This suggests both that lower expression
of Ndfip proteins in post-crossing axons may prevent continued inhibition of Robo1
expression, and that Nedd4 may serve additional functions unrelated to Robo1 regulation in
post-crossing axons. To further characterize Nedd4-1 expression, we generated dissociated
spinal commissural neurons from E11.5 mice. In these dissociated cultures, Nedd4-1 is
expressed in Dcc-positive commissural neurons (Figure 4.5F), further supporting the
observations in transverse spinal cord sections. Notably, Nedd4-1/2 protein expression is
decreased in the dorsal spinal cord in Nedd4-1/2 conditional mutant spinal cord sections
compared to control sections, confirming the specificity of Nedd4-1/2 antibodies (Figure
4.S4).
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Robo1 levels are not detectably elevated in Nedd4-1 and Nedd4-2 conditional mutants
Since Nedd4-1 and Nedd4-2 can promote Robo1 degradation in vitro and both are
expressed in commissural axons in vivo, we next sought to evaluate whether the loss of
Nedd4-1 and Nedd4-2 alters Robo1 levels and localization in commissural axons. Therefore,
we monitored Robo1 protein levels in Nedd4-1 and Nedd4-2 single or double mutant
embryos. Dorsal spinal cord-specific ablation of Nedd4-1 and Nedd4-2 was achieved by
crossing Nedd4-1 or Nedd4-2 floxed mice with Wnt1-cre transgenic mice. The subsequent
cre-mediated recombination excised targeted exons, which resulted in disruption of the
Nedd4-1 or Nedd4-2 gene. In wild-type E11.5 embryos, Robo1 is primarily localized to the
post-crossing portion of commissural axons, with low levels detected on pre-crossing and
crossing commissural axons (Figure 4.S5). Our previously published results show that in
Ndfip1-/-; Ndfip2-/- whole animal mutant embryos, Robo1 expression is significantly
elevated in spinal commissural axons as they approach the midline, as well as in protein
extracts from Ndfip mutant spinal cords (Gorla et al., 2019). Here, we analyzed Robo1 pixel
intensity at the commissure in Nedd4-1 and Nedd4-2 conditional mutants. Unexpectedly, we
did not observe a significant increase in Robo1 levels at the commissure in Nedd4-1 and
Nedd4-2 single or double conditional mutants (Figure 4.S5). We were surprised to see no
obvious effect on Robo1 expression levels and think this might reflect the use of conditional
mutants, which only affects a subpopulation of commissural neurons, rather than whole
animal knockouts. Alternatively, the absence of detectable differences in Robo1 expression
could either be due to incomplete cre-dependent recombination of the Nedd4-1 and Nedd42 floxed alleles or potential redundancy among other HECT family ligases.
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Nedd4 conditional mutants have deficits in spinal commissural axon guidance
Despite the lack of discernible Robo1 expression differences observed by
immunofluorescence, we reasoned that careful analysis of commissural axon guidance
phenotypes might be more sensitive for observing changes indicative of premature midline
repulsion. Thus, to examine the role of Nedd4-1 and Nedd4-2 in commissural axon
guidance, we analyzed embryonic spinal commissural axons in Nedd4-1 and Nedd4-2
conditional knockout mice. The Nedd4-1 and Nedd4-2 floxed mice were previously
described (Hsia et al., 2014; Kawabe and Brose, 2010). Dorsal spinal cord-specific ablation
of Nedd4-1 and Nedd4-2 was achieved by crossing Nedd4-1 or Nedd4-2 floxed mice with
Wnt1-cre transgenic mice. Compared to cre-negative sibling control embryos, Nedd4-1 or
Nedd4-2 protein is reduced in the dorsal regions of Nedd4-1 or Nedd4-2 conditional mutant
embryonic spinal cords (Figure 4.S4A and B). Furthermore, the levels of Nedd4-1 and
Nedd4-2 protein in single and double mutant E12.5 brain lysates were significantly
decreased in conditional mutants compared to control embryonic lysates (Figure 4.S4C).
We next analyzed commissural axon guidance defects in Nedd4-1f/f; Wnt1-cre and Nedd42f/f; Wnt1-cre single mutant embryos by immunostaining transverse sections of the spinal
cord with antibodies to the commissural axon marker, Robo3 and measuring the thickness
of the floor plate commissure. To exclude any variability in the size of embryo, the values of
Robo3-positive commissure thickness were normalized with dorsal-ventral length (SC
length) of the spinal cord. We observed a significant reduction in the thickness of the
Robo3-positive commissure in Nedd4-1 and Nedd4-2 single mutant embryos at E11.5,
indicating that fewer axons crossed the floor plate at the ventral midline in these mutants
(Figure 4.6A and C).
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Nedd4-1 and Nedd4-2 share similar expression patterns and are both capable of
enhancing Robo1 ubiquitylation in vitro suggesting a compensatory mechanism that might
explain why single mutants reveal only partial disruption in midline crossing. We thus
sought to evaluate the consequence of simultaneous removal of both Nedd4-1 and Nedd4-2.
We generated double mutants by crossing Nedd4-1f/+;Nedd4-2f/+ mice with Nedd41f/+;Nedd4-2f/+;Wnt1-cre mice. If Nedd4-1 and Nedd4-2 work together to promote midline
crossing, we would expect the double mutants to show significantly stronger disruptions in
midline crossing than single mutants. Indeed, double mutant embryos have thinner Robo3positive commissures than either Nedd4 single mutant (Figure 4.6A and C). Interestingly,
the length of the spinal cord in Nedd4-1f/f;Wnt1-cre single mutants and Nedd4-1f/f;Nedd42f/f;Wnt1-cre double mutants, but not that of Nedd4-2f/f;Wnt1-cre mutant embryos, is
significantly decreased compared to controls, suggesting that Nedd4-1 may also have
additional roles in spinal cord development (Figure 4.6E). We also analyzed commissural
axon guidance in Nedd4-1 and Nedd4-2 conditional mutant spinal cords at the embryonic
stage E12.5, where many more commissural axons have completed midline crossing. At this
embryonic stage as well, we observed a significant decrease in Robo3-positive commissural
thickness in Nedd4-1f/f; Nedd4-2f/f;Wnt1-cre double mutants (Figure 4.6B and D). Taken
together, our results strongly suggest that Nedd4-1 and Nedd4-2 work together to promote
midline crossing of commissural axons. Moreover, it is worth noting that the decrease in
commissure thickness observed in Nedd4-1 and Nedd4-2 conditional mutants is reminiscent
of Ndfip1 and Ndfip2 whole animal knockouts, consistent with the idea that Ndfip proteins
and Nedd4 ligases likely act in concert to guide commissural axons in the embryonic spinal
cord.
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While our examination of ventral commissure thickness is consistent with a
reduction in midline crossing, immunostaining of transverse spinal cord sections does not
allow us to resolve the behavior of the pre and post-crossing subsets of commissural axons,
since once axons reach the floor plate they become intermingled with axons from the other
side of the midline. For a more detailed analysis of the axon guidance defects in Nedd4
mutants, we performed a series of unilateral dye-labeling experiments to document the
behavior of small groups of axons as they approach and cross the midline (Figure 4.7A). We
dissected open-book spinal cord preparations from E12.5 Nedd4-1f/f;Wnt1-cre and Nedd42f/f;Wnt1-cre single mutant embryos and DiI was injected into one side of the dorsal spinal
cord. Note that this is a stage when most commissural axons have crossed the midline.
Indeed, in control embryos at E12.5, the majority of labeled axons cross the midline and
turn anteriorly (Figure 4.7B). In contrast, labeled axons in Nedd4-1 and Nedd4-2 single
mutant spinal cords frequently stop within or just short of the floor plate and fail to make
the correct anterior turn (Figure 4.7C and D). Here again, dye injections in Nedd4-1, Nedd4-2
double conditional knockouts show even stronger guidance defects than the single mutants
with many more axons stalling at the floor plate (Figure 4.7E and F). Combined with the
data showing a decrease in commissure thickness, these observations further support the
model that Nedd4-1 and Nedd4-2 facilitate the guidance of spinal commissural axons across
the midline.
Discussion
In this paper, we have documented a role for Nedd4 ubiquitin ligases in
commissural axon guidance. Biochemical evidence in cultured cells shows that Ndfip
adaptor proteins bind to E3 ubiquitin ligases to promote the ubiquitylation and subsequent
degradation of Robo1. Our data shows that while Ndfip proteins can interact with several
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E3 ubiquitin ligases via their PY motifs, only a subset of these ligases (namely, Nedd4-1,
Nedd4-2 and WWP-1) can promote Robo1 degradation. Using HECT ligase inhibitors and
catalytically inactive Nedd4 ligases, we demonstrate the importance of Nedd4-1/2 ligase
activity in Ndfip-mediated Robo1 ubiquitylation. Further, we show that Nedd4-1 and
Nedd4-2 can form a ternary complex with Ndfip proteins and Robo1 and that this complex
is dependent on the presence of Ndfip proteins. Finally, we identify Nedd4-1 and Nedd4-2
as key ligases important for midline crossing. We show that Nedd4-1 and Nedd4-2 are
expressed in commissural axons and conditional knockouts of either Nedd4-1 or Nedd4-2
show a significant reduction in midline crossing in the spinal cord. Simultaneous removal of
Nedd4-1 and Nedd4-2 results in significantly stronger phenotypes suggesting that Nedd4-1
and Nedd4-2 act in parallel to regulate commissural axon guidance. Taken together, our
results support a model in which Nedd4 ligase-mediated degradation of Robo1 in precrossing commissural axons promotes midline crossing by preventing premature
responsiveness to Slit.
Requirement of E3 ubiquitin ligases in the regulation of the Robo1 receptor
Our previously published results show that Robo1 levels are significantly increased
in Ndfip mutant spinal cords (Gorla et al., 2019). The observation that Robo1 levels at the
ventral commissure appear to be unaffected in Nedd4-1/2 conditional mutants is surprising
to us since our in vitro results suggest that the over-expression of Nedd4-1/2 can increase
Ndfip-mediated Robo1 ubiquitylation and degradation. One potential explanation for this
apparent discrepancy, could be that Nedd4-1 and Nedd4-2 are depleted only in the Wnt1specified dl1 and dl2 subsets of commissural axons, whereas Ndfip1and Ndfip2 were
depleted in all commissural neuron populations in the spinal cord. Here, it is worth noting
that although the decrease in commissural thickness phenotype in Nedd4-1/2 conditional
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mutants is similar to Ndfip1/2 whole animal knockouts, we observed that the severity of the
phenotype is somewhat stronger in Ndfip1/2 mutants (~36% of commissural axons fail to
cross the midline) than in Nedd4-1/2 conditional mutants (~25% of commissural axons fail
to cross the midline). Despite differences in the effects on Robo1 expression and the greater
severity of the axon guidance defects in Ndfip global knockouts compared to Nedd-4
conditional knockouts, our biochemical and genetic data strongly support an important role
for Nedd4-directed Robo1 regulation in allowing commissural axons to cross the midline.
Insights into the mechanisms of Nedd4 substrate specificity
Our biochemical analyses show that Ndfip adaptor proteins can interact with all
seven of the Nedd4 E3 ligases tested. However, despite the promiscuity of these
interactions, only three of the ligases, Nedd4-1, Nedd4-2 and WWP1, can promote the
ubiquitylation and degradation of Robo1 in vitro. Our data also show that in addition to
Nedd4-1 and Nedd4-2, Smurf can also form a ternary complex with Ndfip proteins and
Robo1. Together, these results suggest that the interaction with Ndfip adaptors and the
subsequent substrate recruitment alone is not sufficient for Nedd4 E3 ligases to target
substrates for ubiquitylation. There are likely other structural properties or motifs that
confer substrate specificity to the different E3 ligases to drive substrate ubiquitylation and
degradation. Notably, since co-expression of Ndfip proteins with WWP1 invariably lead to
the degradation of WWP1, we were not able to reliably assess the effect of WWP1 on Robo1
ubiquitylation; however, given its strong effect on Robo1 degradation, it is likely that WWP1
can drive Robo1 ubiquitylation as well. Since WWP1 is not robustly expressed in the
developing spinal cord, whether WWP1-mediated degradation of Robo1 has physiological
significance and is important for Robo1 regulation in other tissue contexts remains an open
question.
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Conserved roles for Nedd4 E3 ligases and their adaptors in commissural axon guidance
Nearly twenty years ago, it was proposed that Comm’s ability to regulate surface
levels of Robo in Drosophila depends on its interaction with the E3 ubiquitin ligase Nedd4
(Myat et al., 2002). Evidence supporting this hypothesis included the observation that
Comm can physically interact with Nedd4 in vitro and that mutations in the LPSY and CCPY
motifs in the cytoplasmic domain of Comm disrupt its ability to bind to Nedd4, and in turn
to regulate Robo. Based on the finding that Comm can be ubiquitylated by Nedd4 in vitro, it
was further proposed that the ubiquitylation of Comm is required for its ability to
negatively regulate Robo expression levels (Myat et al., 2002). This proposed role for Nedd4
in the Comm-dependent regulation of Robo during commissural axon guidance was directly
challenged by a subsequent report (Keleman et al., 2005). Specifically, it was shown that a
mutant version of Comm that cannot be ubiquitylated can fully restore Comm’s activity and
that embryos homozygous for a chromosomal deletion of Nedd4 have no obvious
commissural guidance defects in vivo (Keleman et al., 2005). The possibility that the Robo
receptor itself could be an important substrate for Nedd4-dependent ubiquitylation and
degradation was however, never explored. While these observations would appear to
preclude an important role for the ubiquitylation of Comm for its ability to negatively
regulate Robo, they do not definitively rule out a role for Nedd4 E3 ligases in commissural
axon guidance. Nedd4 mRNA is maternally deposited, which could potentially mask the
effects of removing Nedd4 zygotically. Furthermore, there are two other Nedd4 family
members in Drosophila: Suppressor of deltex (Su(dx)) and dSmurf (Dalton et al., 2011).
Given these considerations and this study, whether E3 ubiquitin ligase activity is required in
Drosophila for the regulation of Robo during midline crossing is still an open question.
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How is the activity of Nedd4 regulated in the developing spinal cord?
Our biochemical data indicate that Ndfip adapter proteins are required for Nedd4
ligases to target Robo1 receptors for degradation. Thus, one potentially potent mechanism
to control the spatial and temporal activity of the Nedd4 ligases would be to regulate the
ability of Ndfip proteins to bind to and activate Nedd4. In principle, this could be achieved
by controlling the expression, localization or binding properties of Ndfip proteins.
Interestingly, our previous observations that Ndfip1 is specifically enriched in commissural
axons as they are crossing the midline positions it to allow the precise and transient activity
of Nedd4 (Gorla et al., 2019). Indeed, Ndfip protein localization is reminiscent of the
transient enrichment of Comm in pre-crossing commissural axons in the Drosophila
embryonic CNS. The transcription of comm mRNA itself is under tight spatial and temporal
control, such that its expression peaks as commissural neurons extend their axons into the
midline before being turned off as the axons transit the midline (Keleman et al., 2002).
Comm transcription is regulated, in part by Fra, the Drosophila ortholog of Dcc. The
transcriptional regulatory activity of Fra depends on gamma-secretase mediated
proteolysis, which releases the intracellular domain (ICD) of Fra, allowing it to enter the
nucleus where it activates comm transcription (Neuhaus-Follini and Bashaw, 2015b). Of
note, Dcc is also proteolytically processed, and its ICD can enter the nucleus to regulate gene
expression in vitro. (Bai et al., 2011; Galko and Tessier-Lavigne, 2000; Taniguchi et al.,
2003). It will be interesting to determine if Dcc has a role in the transcriptional regulation of
Ndfip1 and/or Ndfip2 during the development of the spinal cord. In addition to possible
regulation at the level of transcription, Ndfip proteins are also known to be regulated posttranslationally through ubiquitylation mediated by Nedd4 family proteins (Harvey et al.,
2002; Shearwin-Whyatt et al., 2004). Interestingly, we have found that mutating the PY
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motifs of Ndfip1 has a profound stabilizing effect on the Ndfip1 protein itself (Gorla et al.,
2019), consistent with previous reports that Ndfip1 is a target for E3-ligase dependent
degradation. The possibility that Ndfip1 could be ubiquitylated and degraded together with
its substrate would also be consistent with a role in the transient downregulation of Robo1.
Ndfip, Nedd4 and the regulation of other axon guidance molecules
While our in vitro data strongly suggests that Nedd4 regulates Robo1 ubiquitylation
and degradation, our results do not exclude the possibility that Nedd4 regulates other
substrates in addition to Robo1 to promote midline crossing. Indeed, a previous study in
Drosophila provides strong evidence that Comm, the Drosophila analog of Ndfip, must
regulate substrates in addition to Robo1 to allow commissural axons to cross the midline
(Gilestro, 2008). In this study, the endogenous Robo1 gene was replaced with a mutated
version of the receptor that cannot be targeted by Comm for degradation. If Robo1 were the
only important substrate for Comm regulation, then this manipulation should result in
premature Robo1 repulsion and a failure of all axons to cross the midline, as is observed in
comm mutants. In striking contrast to this prediction, embryos bearing this un-regulated
Robo1 receptor show no deficits in midline crossing (Gilestro, 2008), raising the intriguing
possibility that other important substrates remain to be identified. It will be interesting in
future studies to determine if Comm and Ndfip proteins share additional substrates that are
important for midline crossing. Identification of additional substrates of the Ndfip-Nedd4
trafficking pathway will offer new insights into axon guidance in the developing spinal cord,
and will also inform studies of this pathway in other tissue contexts.
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Materials and Methods
Mouse strains and genotyping
Mice were maintained in a barrier facility at the Clinical Research Building, University of
Pennsylvania. All mouse work was approved by the Institutional Animal Care and Use
Committee at the University of Pennsylvania. Embryos were derived from timed matings
with Nedd4-1f/+; Nedd4-2f/+; Wnt1-cre male and Nedd4-1f/f; Nedd4-2flf or Nedd4-1f/+;
Nedd4-2fl+ female mice. The day of vaginal plug was counted as embryonic day 0.5 (E0.5),
and embryos were harvested at E11.5 and E12.5. Genotypes were identified by PCR
reactions using genomic DNA extracted from embryonic tails. For the western blot analysis
in supplemental figure 4.4C, E12.5 brain extracts were prepared from Nedd4-1f/+;Nedd42f/+ (control), Nedd4-1f/f;Wnt1-cre (Nedd4-1cko), Nedd4-2f/f;Wnt1-cre (Nedd4-2cko) and
Nedd4-1f/f;Nedd4-2flf;Wnt1-cre (Nedd4-1;Nedd4-2dcko) embryos.
Cell culture and transfection
COS-7 and 293T cells were maintained in DMEM, supplemented with 10% (v/v) FBS and a
mixture of 1% penicillin and streptomycin at 37oC in a humidified 5% CO2 incubator.
Cultured cells were transiently transfected with Effectene transfection reagent (Qiagen,
Valencia CA). All the transfections were carried out according to the manufacturer’s
instructions.
E12.5 primary dorsal spinal commissural neurons (Figure 4.4) and E15 primary mouse
cortical neurons (Figure 4.S1) were cultured in neurobasal media, supplemented with 10%
FBS and 1% penicillin/streptomycin/glutamine mix for 24 hrs at 37oC in a humidified 5%
CO2 incubator. Cultured cortical neurons were transiently transfected with Lipofectamine
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2000 transfection reagent (Thermo Fisher Scientific) according to the manufacturer’s
instructions.
Cell lysates and immunoprecipitation
24 hours after transient transfections, cells were washed in PBS and subsequently lysed in
lysis buffer (1XTBS supplemented with 1% triton x-100 and 1x Complete Protease
Inhibitor) for 30 min on ice cold nutator. Soluble proteins were recovered by centrifugation
at 15,000 x g for 15 min at 4oC. Lysates were incubated with 1–2 μg of antibody for
overnight on the nutator at 4oC. After incubation, 30 μl of 50% slurry of proteinA and
proteinG agarose (Invitrogen) were added, and samples were incubated for an additional 2
hr with gentle rocking at 4oC. The immunocomplexes were washed three times with wash
buffer (1XTBS supplemented with 0.1% triton x-100 and 1x Complete Protease Inhibitor)
and boiled at 90oC for 10 min in 2x Laemmli SDS sample buffer and analyzed by western
blotting. Proteins were resolved by SDS-PAGE and transferred to nitrocellulose membrane
(Amersham). Membranes were blocked with 5% dry milk dissolved in 1x PBS
supplemented with 0.1% Tween-20 for 30 min- 1hr at room temperature on the orbital
shaker and incubated with primary antibodies for overnight at 4oC. After three washes in
PBS/0.1% Tween 20 for 10 min, membranes were incubated with the appropriate HRPconjugated secondary antibody at room temperature for 1h. Signals were detected using
ECL Prime (Amersham, Amersham UK) according to manufacturer’s instructions.
Antibodies used: for immunoprecipitation, rabbit anti-Myc (1:200, Millipore #2475732)
and for western blot, mouse anti-FLAG (1:1000, Sigma, F1804-50UG), mouse anti-HA
(1:1000, BioLegend # 901502), mouse anti-myc (1:1000, 9E10, DSHB), mouse anti-beta
tubulin (1:1000, E7, DSHB), rabbit anti-integrinβ1 (1:1000, Cell Signaling Technology#
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4706S), goat anti-rabbit HRP (1:10,000, Jackson Immunoresearch#111-035-003) and goat
anti-mouse HRP (1:10,000, Jackson Immunoresearch#115-035-146).
For preparation of E12.5 mouse brain lysates, whole brains were harvested from control,
Nedd4-1cko, Nedd4-2cko and Nedd4-1;Nedd4-2dcko embryos and homogenized in lysis
buffer (1XTBS supplemented with 1% triton x-100 and 1x Complete Protease Inhibitor) by
using dounce homogenizer. Homogenized samples were incubated on ice-cold nutator for 1
h and centrifuged at 15,000 x g in ice-cold centrifuge. Supernatants were collected after
centrifugation and performed western blotting as described above. Antibodies used: rabbit
anti-Nedd4-1 (1:1000, Thermo Fisher Scientific#PA5-26930), rabbit anti-Nedd4-2 (1:1000,
Sigma- Aldrich#HPA024618), mouse anti-beta tubulin (1:1000, E7, DSHB), goat anti-rabbit
HRP (1:10,000, Jackson Immunoresearch#111-035-003) and goat anti-mouse HRP
(1:10,000, Jackson Immunoresearch#115-035-146).
Immunohistochemistry
Embryos at indicated time points were harvested and fixed in 4% Paraformaldehyde in PBS
for 2 hr at 4oC, cryoprotected in 30% sucrose in PBS overnight and frozen in cryomold
containing NEG-50 Frozen Section Medium (Thermo Fisher) on dry ice and stored at -80oC.
Frozen embryos were thin-sectioned to yield 20 μM traverse sections with a cryostat.
Antibody staining was performed on cryostat sections after blocking in 5% NGS in PBS
containing 0.1% Triton-X100 or with 2% horse serum in PBS containing 0.1% Triton-X100
(for all anti-goat antibodies) for 1h at room temperature. Sections were then incubated with
primary antibodies for overnight at 4oC in a humidified chamber. After three 10 min washes
in PBS, sections were incubated with species-specific secondary antibodies conjugated to
fluorophores at room temperature for 2 hr. Antibodies used: rabbit anti-Nedd4-1 (1:100,
Thermo Fisher Scientific#PA5-26930), rabbit anti-Nedd4-2 (1:100, Sigma-
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Aldrich#HPA024618), goat anti-Robo3 (1:200, R&D systems #AF3076), goat anti-Robo1
(1:200, R&D systems#AF1749), Alexa488 goat anti-rabbit (Molecular Probes, 1:500) and
Cy3 donkey anti-goat (1:400, Jackson Immunoresearch).
Immunofluorescence
Transiently transfected COS-7 cells were washed once with ice-cold PBS, fixed for 20 min in
4% paraformaldehyde at room temperature, permeabilized with PBT (1XPBS supplemented
with 0.1% Triton-X100) for 10 min and, then blocked in PBT + 5% NGS for 30 min at room
temperature. Cells were then incubated with primary antibodies diluted in PBT + 5% NGS
for overnight at 4oC. After three 10 min washes in PBT, secondary antibodies diluted in PBT
+ 5% NGS were added and incubated for 1h at room temperature. After incubation, cells
were washed three times in PBT for 10 min and coverslips were mounted in Aquamount.
For surface labeling, cells were washed with ice-cold PBS and blocked in PBS + 5% NGS for
20 min at 4°C. Cells were then incubated in primary antibodies diluted in PBS + 5% NGS for
30 min at 4°C, then washed three times in ice-cold PBS. Cells were fixed for 20 min at 4°C in
4% paraformaldehyde in PBS, followed by three washes in PBS and stained with other
primary antibodies diluted in PBT + 5% NGS overnight at 4°C. After three washes in PBS,
cells were incubated with secondary antibodies diluted in PBT + 5% NGS for 30 min at room
temperature. Antibodies used: Rabbit anti-Myc (1:500, Sigma, C3956-2MG), mouse anti-HA
(1:1000, BioLegend # 901502), Cy3 goat anti-mouse (1:1000, Jackson Immunoresearch
#115-165-003), and Alexa488 goat anti-rabbit (Molecular Probes, 1:500).
In situ hybridization
DIG-labeled riboprobes were synthesized using a DIG RNA labeling kit (Roche) and
hybridized on 20µm transverse sections. Template for Nedd4-1, Nedd4-2 and Wwp-1
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probes were amplified from respective mouse ORF clones. mRNA signal was detected using
AP-conjugated anti-DIG antibody and the signal was visualized by using BCIP/NBT
detection method. Primers used to amplify cDNA were: Nedd4-1 (5’GAGACAAGTGGAGCAAGCTTTT -3’ and 5’- TTATTCTGCGGGCTCTTACTTC -3’), Nedd4-2 (5’TGCAGCTTGCAGAAGACG -3’ and 5’- TTCCCATGAAACACCGCT -3’) and Wwp1 (5’GGTTGCTTTCAGGTAGGATGTC -3’ and 5’- GTAAGCCTGTTCAGATTCTGGG -3’).
Open book spinal cord preparations and DiI dye injections
E12.5 spinal cord open-book preparations were isolated as previously described
(Lyuksyutova et al., 2003). Isolated open-books were fixed in 4% PFA for 45 - 60 min in
4oC. After fixation, open-books were incubated in ice-cold PBS until ready to inject with Dil.
A series of multiple injections were made in the dorsal spinal cord cell bodies with Fast Dil
(5 mg/ml Dil in ethanol) using a very fine needle. To remove any leaked Dil, open-books
were washed in ice cold PBS. Dil injected open-book preparations were incubated in ice cold
PBS in dark at 4oC for three days to let the dye to diffuse into the axons. Dil diffused openbooks were then mounted in PBS on concavity microscope slides.
Quantification and statistical analysis
Embryos were scored blind to genotype. Data are presented as mean values ± s.e.m. For
statistical analysis, comparisons were made between genotypes using the Student's t-test
and ANOVA. Differences were considered significant when p<0.05. The spinal commissure
thickness was quantified on five to ten sections per embryo. Two to five embryos were
analyzed and quantified for each genotype. The ratio of the commissural axon bundle size
was normalized to sibling controls. In order to control for any variability in the size of
embryo, the values of commissure thickness were normalized with length of spinal cord
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(distance between the floor plate and the roof plate). For western blots, densitometry
analysis was performed and quantified from three independent experiments and
normalized with tubulin levels.
Data and software availability
Confocal stacks were collected using a Nikon Ti-U confocal microscope and processed by
ImageJ and Adobe Photoshop software. All statistics and graphs were generated using
Microsoft Excel.
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Figure 4. 1. HECT domain containing Nedd4 family E3 ubiquitin ligases interact with
the PY motifs of Ndfip proteins.

(A) Schematic representation of the domain architecture of HECT domain containing Nedd4
family E3 ubiquitin ligases. All Nedd4 family E3 ligases are composed of 3 major domains:
an amino terminal C2 domain (pink), 2-4 WW domains (green) and a C-terminal HECT
domain (yellow). These domains are responsible for lipid membrane binding,
substrate/other protein interactions and catalytic activity respectively. (B) Schematic
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Illustration demonstrating how Nedd4 E3 ligase auto-inhibition is relieved upon the
interaction with their adaptor proteins, Ndfip1 and Ndfip2. (C and D) HEK293T cells cotransfected with plasmids expressing HA-tagged Nedd4 family E3 ligases and with (C) MycNdfip1 or Myc-Ndfip2 (D) Myc-Ndfip1PY or Myc-Ndfip2PY as indicated. Myc-tagged Ndfip
proteins were immunoprecipitated with an anti-Myc antibody and co-immunoprecipitated
HA-tagged E3 ligases were detected by western blots using an anti-HA antibody. The inputs
(10% of total cell lysate used in the immunoprecipitation step) were analyzed using the
indicated antibodies. All seven of the Nedd4 E3 ligases that we tested were detected in
Ndfip1 or Ndfip2 immunoprecipitates in 293T cell lysates (C). Immunoprecipitation of PY
mutant variants of Ndfip1 and Ndfip2 fail to co-immunopreciptate Nedd4 E3 ligases with
the notable exception of Smurf 1 and Smurf2 which can still interact with mutant Ndfip
proteins. (D). An anti-Tubulin antibody was used to control for equal protein loading.
Molecular weights are indicated next to the Western blots.
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Figure 4. 2. Nedd4-1/2 promote Robo1 ubiquitylation and degradation.

(A) COS-7 cells were transiently co-transfected with Myc-tagged Robo1 and HA-tagged
Nedd4 E3 ligases as indicated and the effect of E3 ligases on Robo1 protein levels was
analyzed by Western blotting for Myc. (B) Quantitative representation of Robo1 protein
levels that were normalized to tubulin levels. Nedd4-1, Nedd4-2 and WWP-1 lead to
significant reduction in Robo1 protein levels, where the other E3 ligases do not. Since,
Nedd4-1 and WWP-1 are consistently expressed at much lower levels, we also normalized
Robo1 levels to E3 ligase levels. This reveals a significant effect of Nedd4-1 and WWP-1 on
Robo1 protein levels. (C) HEK293T cells were transiently co-transfected with Myc-Robo1,
FLAG-Ub, HA-tagged E3 ligases and HA-Ndfip1 or HA-Ndfip2 expression constructs as
indicated. After 24 hours of transfection, cell lysates were prepared and
immunoprecipitated with an anti-Myc antibody and immunoprecipitates were western
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blotted with an anti-FLAG antibody to detect the ubiquitylated Robo1. Ubiquitylated forms
appear as smears. Ndfip1-mediated ubiquitylation of Robo1 was significantly enhanced by
Nedd4-1 and Nedd4-2 whereas Nedd4-1, Nedd4-2 and Wwp2 enhance Ndfip2- mediated
ubiquitylation of Robo1. Because co-expression of Ndfip proteins with WWP1 invariably
leads to the degradation of WWP1, we were not able to reliably assess the effect of WWP1
on Robo1 ubiquitylation; however, given its strong effect on Robo1 degradation, it is likely
that WWP1 can drive Robo1 ubiquitylation as well. (D) Bar graphs denoting the amount of
ubiquitylated Robo1 normalized to total Robo1 levels. Black dashed line on the bar graph
represents the amount of Ndfip1- or Ndfip2- mediated Robo1 ubiquitylation. Error bars
represent SEM. Significance was assessed by Student's t-test *p<0.05, **p<0.001.
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Figure 4. 3. Nedd4-1 and Nedd4-2 ligase activity is required to promote Ndfipmediated Robo1 ubiquitylation.

(A- E) 293T cells transiently co-transfected with Myc-Robo1, FLAG-Ub, HA-tagged Nedd4-1
or Nedd4-1C867A or HA-tagged Nedd4-2 or Nedd4-2C942A and HA-Ndfip1 or HA-Ndfip2
expression constructs as indicated. After 24 hours of transfection, cells were treated with
100 µM Heclin (D and E) for 2 hours. Cell lysates were immunoprecipitated with an antiMyc antibody and immunoprecipitates were probed with an anti-FLAG antibody. Ndfipmediated Robo1 ubiquitylation was significantly reduced upon the co-expression of either
catalytically inactive Nedd4-1C867A (A and B) or Nedd4-2C942A (C) compared to wildtype Nedd4-1 or Nedd4-2. Upon treatment with Heclin, Ndfip/Nedd4mediated Robo1
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ubiquitylation was considerably decreased (D and E). The expression levels of Robo1 were
analyzed with anti-Myc antibodies. The expression levels of Ndfip proteins and Nedd4
proteins were monitored with anti-HA antibodies. Ubiquitylated forms appear as smears.
An anti-Tubulin antibody was used to control for equal protein loading.
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Figure 4. 4. Nedd4-1/2 form a three-protein complex with Robo1 and Ndfip1/2.

(A) HEK293T cells were transiently co-transfected with Myc-Robo1, HA-tagged Nedd4-1 or
HA-tagged Nedd4-2 and HA-Ndfip1 or HA-Ndfip2 expression constructs as indicated. After
24 hours of transfection, cell lysates were prepared and immunoprecipitated with an antiMyc antibody and immunoprecipitates were analyzed by western blots with an anti-HA
antibody. Immunoprecipitation of Robo1 pulls down Nedd4-1 and Nedd4-2 only in the
presence of Ndfip proteins. An anti-Tubulin antibody was used to control for equal protein
loading. (B) Schematic illustration demonstrating the proposed mechanism of Ndfip1/2 and
Nedd4 E3 ligase complex-mediated Robo1 ubiquitylation.
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Figure 4. 5. Nedd4-1 and Nedd4-2 are enriched in the developing spinal cord.

(A - C) mRNA in situ hybridization reveals the expression of Nedd4-1 (A), Nedd4-2 (B) and
Wwp1 (C) in E11.5 mouse spinal cords. mRNA probes to the sense strand serve as controls
for the specificity of expression. (D and E) Representative confocal images of transverse
sections of a wild-type mouse E11.5 spinal cord labeled with anti-Nedd4-1 (D) or antiNedd4-2 (E) and anti-Robo3 antibodies. Co-localization of Nedd4-1 (D, in green) or Nedd42 (E, in green) with Robo3-positive commissural axons (D and E, in red) demonstrates the
presence of Nedd4 proteins in the commissural axon population. Both Nedd4-1 and Nedd42 are also strongly expressed in DRGs and moderately expressed in the motor column. (F)
Double immunostaining of Nedd4-1 (green) and Dcc (red) in dissociated commissural
neurons demonstrating the expression of Nedd4-1 in the cell body, axon and growth cone of
commissural neurons.
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Figure 4. 6. Nedd4-1 and Nedd4-2 conditional mutant embryos have commissural
axon guidance defects.

(A-B) Representative confocal images of E11.5 (A) and E12.5 (B) transverse spinal cord
sections that were taken from Nedd4-1 or Nedd4-2 or Nedd4-1; Nedd4-2 conditional mutant
embryos and from sibling control mouse embryos. All sections were immunostained with a
Robo3 antibody to label the commissural axon population. In E11.5 Nedd4-1 and Nedd4-2
conditional mutant embryos, the Robo3- positive ventral commissure is reduced in
thickness relative to sibling controls. The commissure thickness was further decreased in
Nedd4-1; Nedd4-2 conditional double mutant spinal cord sections (A). At E12.5, Nedd4-1;
Nedd4-2 double conditional mutant embryos have significantly reduced commissure
thickness compared to control or single conditional mutant embryos (B). (C, D)
Quantification of Robo3-positive commissure thickness normalized to the dorsal-ventral
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length of the spinal cords at E11.5 and E12.5. Data were further normalized to sibling
controls. (E) Quantification of dorsal-ventral spinal cord length (SC length) of E11.5 control,
Nedd4-1, Nedd4-2 and Nedd4-1; Nedd4-2 conditional mutant embryos. The quantifications
show the mean and SEM of five to eight sections per embryo, where n=7 embryos for
control, n=3 embryos for Nedd4-1conditional mutants, n=3 embryos for Nedd4-2
conditional mutants and n=2 embryos for Nedd4-1; Nedd4-2 double conditional mutants at
E11.5. At E12.5, n=2 embryos for control, Nedd4-1, Nedd4-2 and Nedd4-1; Nedd4-2
conditional mutants (n denotes the number of embryos that were analyzed for each
genotype). Significance was assessed by one-way ANOVA. ∗∗p < 0.01, and ∗p<0.05.
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Figure 4. 7. Commissural axons in Nedd4 conditional mutants fail to enter the floor
plate normally.

(A) Schematic of spinal cord open-book preparation and Dil injection into dorsal spinal
commissural neuron cell bodies. Spinal cords were isolated from E12.5 mouse embryos and
open-books were prepared by making a cut at the roof plate. Using a fine needle, Dil dye
was injected into the cell bodies of commissural axons that are located on the dorsal side. (B
- E) Confocal images of Dil injections in E12.5 spinal cord open-book preparations marking
commissural axons. Three representative images are shown for each indicated genotype. In
control open-book spinal cord preparations, the majority of axons crossed the floor plate
and turned anteriorly on the contralateral side (B). In Nedd4-1 and Nedd4-2 conditional
single mutant open-book preparations, labeled commissural axons frequently stall in the
floor plate and fail to exit and make the correct anterior turn. In a few embryos, some axons
fail to even reach the floor plate (C and D). In Nedd4-1; Nedd4-2 conditional double mutant
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open-books, these phenotypes are significantly stronger than those observed in the single
conditional mutant cords (E). (F) The bar graph represents the percentage of axons with
the indicated phenotypes. The percentage of axons that turned anteriorly is significantly
decreased in Nedd4-1, Nedd4-2 and Nedd4-1; Nedd4-2 conditional mouse embryos
compared to sibling controls. (G) The table represents the number of embryos and the
number of Dil injection sites that were analyzed and quantified in F. Control; n=5 with
number of injection sites 21, Nedd4-1 conditional single mutant; n=10 with number of
injection sites 50, Nedd4-2 conditional single mutant; n=5 with number of injection sites 25
and Nedd4-1; Nedd4-2 conditional double mutant; n=3 with number of injection sites 31 (n=
number of embryos analyzed for each genotype). Significance was assessed by one-way
ANOVA, ∗∗p < 0.0001 and ∗∗∗p <0.00001.
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Figure 4. S 1. Overexpression of Ndfip alters Nedd4 family E3 ligase localization.

(A) Confocal micrographs of COS-7 cells expressing Myc-tagged Ndfip1 or Ndfip2 and HAtagged Nedd4 family E3 ubiquitin ligases. In cells that were transfected with HA- tagged E3
ligase(s) alone, Nedd4 proteins exhibit diffused cytoplasmic staining (top two rows). When
either Ndfip1 or Ndfip2 were co-expressed, several Nedd4 family E3 ligases co-localized
with Ndfip proteins in discrete intracellular puncta (bottom four rows). DRAQ-5 (in blue) is
a nuclear marker. (B) Confocal micrographs of E15 cortical neurons transfected with HAtagged Ndfip proteins. In neurons that were stained with an anti-Nedd4 antibody, Nedd4
shows a diffuse cytoplasmic expression while, in Ndfip2 transfected cortical neurons,
endogenous Nedd4 was re-localized to intracellular puncta that co-localized with Ndfip2.
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Figure 4. S 2. Nedd4-1 and Nedd4-2 ligase activity is required for Ndfip-mediated
Robo1 ubiquitylation.

(A-C) Quantitative representations of relative levels of ubiquitylated Robo1 in the presence
of Nedd4 and Ndfip proteins from three independent experimental conditions. (A, B) Bar
graphs denoting the levels of ubiquitylated Robo1 in the presence of wild-type or
catalytically inactive Nedd4-1CA and Ndfip proteins (A) or Nedd4-2CA and Ndfip proteins
(B). (C) Bar graphs denoting the levels of ubiquitylated Robo1 in the presence wild-type
Nedd4-1 or Nedd4-2 and Ndfips in the presence or absence of Heclin.
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Figure 4. S 3. Nedd4 ligases are unable to down-regulate surface pools of Robo1 in the
absence of co-expressed Ndfip proteins.

(A) Confocal micrographs of COS-7 cells expressing N- terminal Myc-Robo1 with C-terminal
HA-Nedd4-1 or Nedd4-2-HA or Wwp1-HA. In cells that were transfected with either MycRobo1 alone or with Myc-Robo1 and HA-E3 ligases, Robo1 localization remains unchanged
(top two rows). DRAQ-5 is a nuclear marker. Surface expression of Robo1 (green) was
visualized by staining the N-terminal Myc-tag before fixation and permeabilization. The HA
staining (red) reveals the expression of Nedd4-1 or Nedd4-2 or Wwp-1. Co-expression of
Nedd4-1 or Nedd4-2 or Wwp-1 with Robo1 does not alter the surface pools of Robo1
(bottom two rows). (B, C) HEK293T cells were transiently co-transfected with Myc-Robo1,
HA-tagged Smurf-1 (B) or Smurf-2 (C) and HA-Ndfip1 or HA-Ndfip2 expression constructs
as indicated. After 24 hours of transfection, cell lysates were prepared and
immunoprecipitated with an anti-Myc antibody and immunoprecipitates were western
blotted with an anti-HA antibody. Immunoprecipitation of Robo1 pulls down Smurf-1 (B)
and Smurf-2 (C) in the presence of Ndfip proteins. An anti-Tubulin antibody was used to
control for equal protein loading.
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Figure 4. S 4. Nedd4-1 and Nedd4-2 expression is absent in dorsal spinal cords of
Nedd4-1 and Nedd4-2 conditional mutants respectively.

(A) Transverse sections of E11.5 Nedd4-2f/+;Wnt-crenegative (Control) and Nedd4-2f/f;Wntcrepositive (Nedd4-2cko) or Nedd4-1f/f; Nedd4-2f/f;Wnt-crepositive (Nedd4-1;Nedd4-2dcko)
embryonic spinal cords immnunostained with an anti-Nedd4-2 antibody shows Nedd4-2
expression. (B) Transverse sections of E11.5 Nedd4-1f/+;Wnt-crenegative (Control) and
Nedd4-1f/f;Wnt-crepositive (Nedd4-1cko) embryonic spinal cords immnunostained with an
anti-Nedd4-1 antibody shows Nedd4-1 expression. In control spinal cord sections, both
Nedd4-1 and Nedd4-2 were strongly expressed in commissural axons, in DRGs and also
moderately expressed in the motor column. Whereas in Wnt1Cre-depleted Nedd4-1 or
Nedd4-2 spinal cords, Nedd4-1/2 protein expression was decreased in the dorsal spinal
cord and in DRGs demonstrating the specificity of the Wnt1Cre-dependent depletion. (C)
Brain extracts from E12.5 wild-type and Nedd4-1cko or Nedd4-2cko mutants were
immunoblotted with anti-Nedd4-1 and anti-Nedd4-2 antibodies. Anti-Tubulin antibody was
used as a loading control. Nedd4-1 and Nedd4-2 protein levels were decreased in Nedd4
conditional mutant brain lysates compared to control brain lysates.
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Figure 4. S 5. Robo1 expression in Nedd4-1 and Nedd4-2 conditional mutants.

(A) Transverse sections of E11.5 control, Nedd4-1cko, Nedd4-2cko or Nedd4-1;Nedd4-2dcko
spinal cords immunostained with an anti-Robo1 antibody. (B) Quantitative representation
of Robo1 pixel intensity at the commissure in control, Nedd4-1cko, Nedd4-2cko or Nedd41;Nedd4-2dcko spinal cord sections. Robo1 levels at the ventral commissure appear to be
unaffected in conditional Nedd4 mutants.
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CHAPTER 5
THE WAVE REGULATORY COMPLEX IS A DIRECT DOWNSTREAM
EFFECTOR OF FRA AND DCC
Chaudhari, K., Zang Y., & Bashaw, G. J. (2021). The Wave regulatory complex is a direct
downstream effector of Fra and Dcc. Manuscript in preparation.

Axon guidance receptors function to induce turning in axons predominantly by
modulating the actin cytoskeleton at the growth cone. While some downstream effectors
are known, the exact molecular mechanisms by which these guidance receptors regulate
actin dynamics are still unclear. Fra and its vertebrate homolog Dcc, are axon guidance
receptors that induce attraction in response to their ligand netrin. Here, we show that the
Wave regulatory complex (WRC), which controls actin dynamics via Arp2/3-mediated actin
polymerization, is a direct downstream effector of the Fra/Dcc receptor. In Drosophila
embryos, the WRC is a positive regulator of midline crossing. Biochemical evidence shows
that Fra can interact with the WRC via the canonical WIRS motif in its P2 domain.
Additionally, the WIRS motif is important for Fra’s function in promoting midline attraction
in vivo. Finally, using axon guidance assays in mouse dorsal spinal neurons, we demonstrate
that the WIRS motif is also important for vertebrate Dcc signaling. Together, our data
highlight an essential and conserved role for the WIRS-WRC interaction in Fra/Dcc
attractive signaling.
Introduction
In bilaterally symmetric organisms, precise control of midline crossing is essential
for coordinating the two sides of the body. During development of the nervous system,
commissural neurons extend their axons across the midline to form connections on the
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contralateral side in response to attractive guidance cues secreted by midline cells (Evans &
Bashaw, 2010). Netrin is one such conserved guidance cue that acts through its receptor
Deleted in Colorectal Carcinoma (Dcc) or Frazzled (Fra) in Drosophila, to induce attraction
toward the midline (Moore et al., 2007). The netrin-Dcc pathway is vital for proper circuit
formation and mutations in Dcc lead to a spectrum of neurological disorders including
congenital mirror movement disorder (Jamuar et al., 2017; Marsh et al., 2017; Srour et al.,
2010; Welniarz et al., 2017). Netrin is one of the most characterized guidance cues yet the
exact molecular mechanisms by which Dcc induces an attractive response in axons, are still
being elucidated.
Axon guidance receptors induce turning in axons predominantly by modulating the
actin cytoskeleton. However, the identities of the downstream effectors that link these
receptors to the actin cytoskeleton and the nature of these cytoskeletal changes are
relatively unclear. The Wave regulatory complex (WRC) is a well-known regulator of actin
cytoskeletal dynamics (Campellone & Welch, 2010). The WRC is a heteropentameric
complex consisting of Cyfip, Abi, Nap1, Hspc300 and Wave, which serves as a nucleationpromoting factor for the Arp2/3 complex, which in turn promotes branched actin
polymerization (Eden et al., 2002). The WRC-interacting receptor sequence (WIRS) is a
specific binding site for the WRC that is present on several transmembrane receptors,
including axon guidance receptors like Dcc/Fra (B. Chen et al., 2014). Fra contains a WIRS
motif in its P2 domain that is conserved across species and is also present in Dcc.
Interestingly, neogenin, a member of the Dcc guidance receptor family also contains a WIRS
motif in its P2 domain which was previously found to be important for its function in
maintaining junctional integrity at adherens junctions (Lee et al., 2016; O’Leary et al., 2017).
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Thus, we hypothesized that the WRC functions as a direct downstream effector of Fra/Dcc
signaling.
Here, we show that the WRC is a positive regulator of midline crossing in the
Drosophila embryonic nerve cord. Using co-immunoprecipitation assays, we demonstrate
that Fra binds to the WRC via the WIRS motif in its P2 domain in both cultured cells and
embryonic protein lysates. Further, we show that this interaction is important for Fra’s
attractive function at the Drosophila midline in vivo. Finally, we show that the WIRS motif is
also important for Dcc function using mouse spinal cord explants, thus highlighting an
essential and conserved role for the WIRS-WRC interaction in Fra/Dcc attractive signaling.
Results
The WRC is a positive regulator of midline crossing
WRC members are enriched in the Drosophila ventral nerve cord during embryonic
stages when midline crossing occurs (Chaudhari et al., 2021; Schenck et al., 2004). To
investigate a role for the WRC in midline crossing, we tested whether WRC mutants could
enhance crossing defects in a sensitized background in the Drosophila embryonic nerve
cord. A truncated Fra receptor (FraDC) missing its cytoplasmic domain, functions as a
dominant-negative which when expressed in commissural neurons generates a sensitized
background in which we can detect positive or negative regulators of midline crossing
(Garbe et al., 2007). We used eg-Gal4 to drive expression of FraDC and a GFP reporter in
eagle neurons, which are a subset of commissural neurons. Eagle neurons consist of an EG
population, which extends its axons in the anterior commissure of each segment, and an EW
population, which extends axons in the posterior commissure (Figure 5.1A). Expressing one
copy of FraDC in these neurons results in a mild non-crossing phenotype where 15% of the
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EW neurons fail to cross the midline (Figure 5.1B). Embryos missing one copy of cyfip,
which is a member of the WRC, shows no non-crossing defects in eagle neurons and
resembles wild type embryos. However, in the FraDC background, removing copy of cyfip
results in a significant enhancement of the non-crossing defects to 48% (Figure 5.1C and
5.1D). This suggests a role for the WRC in promoting midline crossing.
Fra interacts with the WRC via a conserved WIRS motif in its P2 domain
The cytoplasmic tail of Fra contains a WIRS motif in the P2 domain which is
conserved across species and is present in its vertebrate homolog, Dcc (Figure 5.2A). Given
that the WIRS motif has been identified as a specific binding site for the WRC (B. Chen et al.,
2014), we tested whether Fra can interact with the WRC. We expressed tagged constructs of
Fra and HSPC300, a member of the WRC, in Drosophila S2r+ cells. Fra immunoprecipitates
with HSPC300 suggesting that Fra can indeed interact with the WRC (Figure 5.2C). Given
that the WIRS motif is present in the P2 domain of Fra, we next tested whether a Fra
receptor lacking its entire P2 domain (FraDP2; Figure 5.2B) shows a reduction in binding to
the WRC. Indeed, we see a significant decrease in the amount of Fra that
immunoprecipitates with HSPC300 when the P2 domain is deleted (Figure 5.2C and 5.2D).
To confirm that this interaction is dependent specifically on the WIRS motif, we introduced
point mutations into the WIRS motif present in the P2 domain of Fra (FraDWIRS; Figure
5.2B) and find a similar reduction in binding as FraDP2 (Figure 5.2C and 5.2D). These
results indicate the importance of the WIRS motif for the interaction between Fra and the
WRC.
There is a second site in Fra’s cytoplasmic tail, located between the P2 and P3
domains, that is similar to the WIRS motif in that it contains a serine and phenylalanine at

265

positions 3 and 4, but it lacks the bulky hydrophobic residue at position 1 (Figure 5.2E). It is
thus not a canonical WIRS motif and should not affect binding to the WRC. Indeed, when we
introduce point mutations into this second site, we see no decrease in the amount of Fra
that immunoprecipitates with HSPC300 (Figure 5.2F). This further supports the importance
of the canonical WIRS motif in P2 for the interaction between Fra and the WRC.
Finally, to test whether Fra and the WRC also interact in vivo, we performed coimmunoprecipitations from Drosophila embryonic protein lysates. Using the pan-neuronal
elav-Gal4 driver to direct expression of GFP-tagged HSPC300 and MYC-tagged Fra
exclusively in neurons, we find that Fra immunoprecipitates with HSPC300 in embryonic
protein lysates as well (Figure 5.2G). Consistent with our results in S2R+ cells, we find that
both FraDWIRS and FraDP2 show a significant reduction in binding to the WRC in vivo
(Figure 5.2G and Figure 5.2H). Collectively, our results indicate that Fra interacts with the
WRC in a WIRS-dependent manner.
The WIRS motif is important for Fra function in vivo
To test whether this WIRS-WRC interaction is important for Fra function in vivo, we
compared the gain-of-function phenotypes in transgenic flies expressing either Fra,
FraDWIRS or FraDP2. All transgenes are tagged with MYC and inserted into the same
genomic locus. Immunostaining for MYC shows comparable levels of expression of all three
transgenes (Figure 5.3B, 5.3C and 5.3D). We used the ap-Gal4 driver to drive expression of
these transgenes in apterous neurons, a subset of ipsilateral neurons. In wild type embryos,
apterous axons which are visualized here using a GFP reporter, never cross the midline
(Figure 5.3A). Driving Fra expression in these axons induces attraction toward the midline,
resulting in a strong gain-of-function phenotype where 68% of apterous axons ectopically
cross the midline (Figure 5.3B and 5.3E). In contrast, overexpression of FraDWIRS or
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FraDP2 results in a significantly weaker gain-of-function phenotype with approximately
48% of apterous axons ectopically crossing the midline (Figure 5.3C, 5.3D and 5.3E). This
indicates that the WIRS motif is important for Fra’s ability to induce ectopic attraction in
vivo.
Next, we compared the ability of these transgenes to rescue the fra mutant
phenotype. In fra mutants, 56% of EW axons fail to cross the midline (Figure 5.4B). Reexpressing Fra in eagle neurons rescues the EW non-crossing defects in almost all segments
with only 4% still showing defects (Figure 5.4C). In contrast, re-expression of FraDWIRS or
FraDP2 fails to rescue as effectively as wild type Fra, with 20% of EW axons still failing to
cross (Figure 5.4D, 5.4E and 5.4F). This indicates that Fra is not nearly as effective at
restoring attractive signaling without a functional WIRS motif. Altogether, these data
suggest a role for the WIRS-WRC interaction in Fra attractive signaling at the midline.
The WIRS motif is important for Dcc function in mouse dorsal spinal neurons
The WIRS motif in the P2 domain of Fra is conserved across species and is also
present in Dcc. Previously, the WIRS motif in Neogenin, a paralog of Dcc, was found to be
important for Neogenin’s role in maintaining adheres junctions, raising the possibility for a
potential role for the WIRS motif in Dcc signaling. To address the question of whether the
WIRS motif is important for Dcc function, we introduced point mutations into the WIRS
motif of Dcc (DccDWIRS) and performed a gain-of-function assay with wild type Dcc and
DccDWIRS in mouse dorsal spinal explants. We electroporated E12 mouse spinal cords with
either wild type Dcc or DccDWIRS and cultured dorsal spinal explants next to mock 293T
cell aggregates or aggregates expressing netrin. Explants cultured next to mock aggregates
show little to no growth on all sides of the explant (Figure 5.5A, 5.5B and 5.5C). In contrast,

267

RFP electroporated explants cultured next to netrin-expressing aggregates show slightly
more growth on the proximal side of the explant as compared to the distal side resulting in
a small but not significant increase in the proximal/distal outgrowth ratio (Figure 5.5D and
5.5G). Explants electroporated with Dcc show an enhanced netrin response with
substantially more growth on the proximal side and a significantly higher proximal/distal
outgrowth ratio (Figure 5.5E and 5.5G). In contrast, explants electroporated with DccDWIRS
show no such gain-of-function response, and the proximal/distal outgrowth ratio is similar
to that seen for RFP electroporated explants (Figure 5.5F and 5.5G). Due to poor
penetration of the anti-HA antibody in explants (Figure 5.S1A), we assayed for
electroporation efficiency in dissociated spinal neurons (Figure 5.S1B). Immunostaining
shows comparable levels of Dcc and DccDWIRS in electroporated neurons. These data
indicate that the WIRS motif is also important for netrin-mediated Dcc signaling and suggest
an evolutionarily conserved role for the WIRS-WRC interaction in Fra/Dcc signaling.
Discussion
In this paper, we document a conserved role for the WIRS-WRC interaction in
netrin-mediated Fra/Dcc signaling. We show that the WRC functions as a positive regulator
of midline crossing in the Drosophila embryonic nerve cord. Using co-immunoprecipitation
assays, we demonstrate that Fra interacts with the WRC via the canonical WIRS motif in its
P2 domain, both in S2R+ cells and in Drosophila embryo lysates. Further, we present
evidence to show the importance of the WIRS motif for Fra function in vivo. First, mutating
the WIRS motif results in a significantly weaker gain-of-function phenotype when Fra is
overexpressed in ipsilateral axons. Second, FraDWIRS fails to rescue the fra mutant
phenotype as effectively as wild type Fra. Together, these data suggest a reduction in Fra
function upon disruption of the WIRS-WRC interaction. Finally, we show that DccDWIRS is
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less effective than Dcc at mediating a netrin response in mouse dorsal spinal explants,
thereby demonstrating an evolutionarily conserved role for the WIRS motif in Dcc signaling.
WRC activation downstream of Fra/Dcc

Scar/Wave contains a VCA region that binds to Arp2/3 and stimulates its actinnucleating activity. The subsequent generation of branched actin filaments at the growth
cone membrane can induce lamellipodial protrusion serving to propel the growth cone
forward. We propose that WRC activation downstream of stimulated Dcc initiates localized
actin remodeling for directional growth to steer axons toward the midline. Further,
multimerization of Dcc at the plasma membrane following netrin binding could locally
concentrate the WRC to potentially increase its activity toward the Arp2/3 complex through
cooperative activation (Padrick et al., 2008; Padrick & Rosen, 2010). The WRC is basally
inactive with the VCA region sequestered within the complex. Activation by upstream
signals results in release of the VCA region (Lebensohn & Kirschner, 2009; Padrick et al.,
2008; Padrick & Rosen, 2010). Rac1 functions as an important activator of the WRC (B. Chen
et al., 2017). Rac1 has previously been reported to function downstream of Dcc and can
potentially serve to activate the WRC following its recruitment to the WIRS in Dcc
(Briançon-Marjollet et al., 2008; X. Li et al., 2002). Interestingly, in C. elegans, UNC-40 /Dcc
was found to mediate two distinct parallel signaling pathways with one branch involving
Rac1 signaling via the P2 domain of UNC40 (Gitai et al., 2003). There is a strong possibility
that this Rac1 signaling pathway is mediated by the WIRS-WRC interaction in the P2
domain of UNC-40. It would thus be interesting to dissect and characterize potentially
distinct signaling pathways downstream of Fra/Dcc and investigate how regulatory
interactions of the different downstream effectors contributes to generation of a specific
signaling output. For instance, Src kinase is a known downstream effector of Dcc but
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interestingly not Fra (W. Li et al., 2004; O’Donnell & Bashaw, 2013), and Src can
phosphorylate components of the WRC to potentially regulate its activity (Ardern et al.,
2006; Z. Chen et al., 2010). Further, Ena and Abl have been previously implicated in Fra/Dcc
signaling (Dorsten et al., 2010; Forsthoefel et al., 2005; Lebrand et al., 2004) and both can
influence WRC activity (X. J. Chen et al., 2014; Leng et al., 2005). Given that these effectors
also function in repulsive signaling (Bashaw et al., 2000), it is likely that the final outcome is
determined by the cooperative regulation of these effectors and their distinct
spatiotemporal activation patterns that fine-tunes growth cone responsiveness to different
axon guidance cues. Further, in addition to growth cone propulsion, actin dynamics play
important roles in other cellular processes as well including receptor trafficking and
recycling which are known to contribute to guidance signaling (Dent et al., 2011). Indeed,
the WRC has been reported to function in endocytosis and recycling of other
transmembrane receptors (Basquin et al., 2015; Xu et al., 2016). It will be of great interest
to investigate whether different actin-mediated cellular processes are affected by
disruption of the WIRS-WRC interactions downstream of these distinct axon guidance
receptors.
Regulation of the WIRS-WRC interaction
Here, we show that the WRC interacts with Fra via the WIRS motif in its P2 domain.
An important avenue of investigation would be to determine if this interaction is regulated
by netrin. It is tempting to speculate that netrin binding induces WRC recruitment to the
WIRS motif in Fra/Dcc in order to facilitate actin remodeling and extension toward the
source of netrin. Our lab has previously found that this is indeed the case for Robo where
the WIRS-WRC interaction downstream of Robo is enhanced in the presence of Robo’s
ligand, Slit (Chaudhari et al., 2021). Interestingly, the WIRS motif contains a threonine or a
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serine at position four that has the potential to be phosphorylated as a means of regulating
the WIRS-WRC interaction. It would be very interesting to assess whether the WIRS motif in
Dcc is phosphorylated and if introducing a phosphomimetic residue at position four of its
WIRS motif can disrupts its interaction with the WRC. Perhaps we can further identify
specific kinases and phosphatases that can regulate this interaction. An alternative scenario
would be constitutive binding of the WRC to Fra/Dcc with its subsequent activation being
the point of regulation. Indeed, Rac1 activation in response to netrin-1 has been reported
previously (Briançon-Marjollet et al., 2008) and could serve as the regulator by activating
the WRC.
WRC in other Fra/Dcc signaling contexts
Given our data demonstrating the importance of the WIRS motif in Fra signaling at the
midline, an important future direction will be to identify WIRS-dependent and WIRSindependent functions of Fra/Dcc. In addition to their roles in axon guidance, Fra and Dcc
also have numerous functions in development and disease outside of the nervous system.
Dcc was originally identified as a tumor suppressor gene and can function to promote cell
death. Dcc can act as a dependence receptor to promote apoptosis in the absence of netrin
in several tissues including colon carcinoma cells and neuroblastomas (Y. Q. Chen et al.,
1999; Forcet et al., 2001; Mehlen et al., 1998). Fra plays a role in the formation of midgut
epithelium in Drosophila as well as in heart and lung morphogenesis (Macabenta et al.,
2013; Pert et al., 2015). Most recently, our lab identified a role for Fra in the Drosophila
ovary (Russell et al., 2021- in review). Fra also acts in epithelial cells to maintain adherens
junctions (AJs) and can regulate the localization of AJ proteins (Golenkina et al., 2018;
Manhire-Heath et al., 2013). The latter function was found to require all three P motifs of
Fra (Golenkina et al., 2018). This is especially interesting given that neogenin was recently
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found to regulate AJ integrity and stability via its interaction with the WRC, mediated by its
canonical WIRS motif (Lee et al., 2016). This might suggest a shared downstream
mechanism by which axon guidance receptors regulate AJs via their WIRS-WRC
interactions.
Additionally, Fra is known to function as a transcriptional activator in the embryonic
nerve cord where it controls transcription of an endosomal sorting receptor,
Commissureless. Although unlikely to contribute to Fra’s transcriptional function, it is
worth noting that Wiscott Aldrich Syndrome (WAS) proteins including the WRC, are present
in the nucleus and have been implicated in the regulation of global transcription (Verboon
et al., 2015). While several functions have been documented for Fra and Dcc, less is known
about the specific downstream effectors at play in these different tissue contexts. Given its
extensive involvement in development and disease contexts, a complete dissection of the
Fra/Dcc signaling pathway is a vital future direction.
Materials and methods
Genetic stocks
The following Drosophila strains were used: w1118, fra3, eg-Gal4, UAS-CD8GFP II, UAS-taumyc-gfp II, ap-Gal4, elav-Gal4, 10xUAS-Fra-MYC 86F8, 10xUAS-FraDP2-MYC 86F8, 10xUASHSPC300-GFP 86F8. Fly strain cyfipD85.1 was a kind gift from A. Giangrande. 10xUASFraDWIRS-MYC 86F8 transgenic stock was generated by BestGene Inc. (Chino Hills, CA)
using FC31- directed site-specific integration into landing sites at cytological position 86F8.
All crosses were carried out at 25°C.
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Mice
Timed pregnant female CD-1 mice were obtained from Charles River. All animal work was
approved by the Institutional Animal Care and Use Committee (IACUC) of the University of
Pennsylvania. Embryos of both sexes were randomly used for spinal cord explants and
primary dissociated neuron cultures.
Dissociated commissural neuron culture
Primary commissural neuron cultures were prepared as described previously (Langlois
2010) and maintained at 5% CO2 in a humidified incubator. Briefly, commissural neurons
were isolated from E12.5 dorsal spinal cords and plated on acid-washed, Poly-D-Lysine
(Sigma, #P6407) and 2 μg/ml N-Cadherin (R&D, #1388-NC) coated coverslips. Neurons
were cultured in Neurobasal medium supplemented with 10% heat-inactivated FBS (Gibco,
#10437-028) and 1X penicillin/streptomycin/glutamine (Gibco, #10378-016). After ~20 h,
the medium was replaced with Neurobasal supplemented with 1X B-27 (Thermo,
#A3582801) and the neurons were used for experiments one hour later.
Explant culture
Dorsal spinal cord explants from E12 embryos were dissected and cultured in collagen gels
as described previously (Serafini 1994). Briefly, explants were cultured in 50% OptiMEM
(Gibco, #31985-070) and 45% Ham’s F-12 (Gibco, #11765-054) media supplemented with
5% horse-serum (Gibco, #16050122), 0.75% glucose (Thermo, #D16-500) and 1X
penicillin/streptomycin/glutamine for 24h (R&D, #1109-N1/CF).
Cell culture
Drosophila S2R+ cells (DGRC, Cat#150) were maintained at 25oC in Schneider’s media (Life
Technologies, #21720024) supplemented with 10% (vol/vol) FBS and a mixture of 1%
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Penicillin and Streptomycin. Morphology and doubling time were used for validation of the
cell line. The cells grow as a loose semi-adherent monolayer with a doubling time of about
40 hours. 293T cells (ATCC CRL-3216) were maintained at 37oC and 5% CO2 in a humidified
incubator in DMEM (Gibco, #11965084) supplemented with 10% (vol/vol) FBS and a
mixture of 1% Penicillin and Streptomycin.
Molecular biology
For making the p10UAST-FraDWIRS-MYC construct, the wild type Fra coding sequence from
p10UAST-Fra-MYC (Neuhaus-Follini & Bashaw, 2015) was subcloned into the smaller
pBlueScript backbone and point mutations were introduced into the WIRS motif of the Fra
coding sequence with the Quikchange II site-directed mutagenesis kit (Agilent, #200523)
using the following primers: GGCCATCCTCTAAAGGCCGCTAGTGTGCCGGGGCCA and
TGGCCCCGGCACACTAGCGGCCTTTAGAGGATGGCC. The mutated Fra coding sequence was
then subcloned back into the p10UAST vector for FC31- directed site-specific integration. A
similar strategy was used for making P10UASt-Fra(1315-1320)-MYC using the following primers:
CCCTACAAGAAACCAGCTGCCTCGGCTGCCACGCCC

and

GGGCGTGGCAGCCGAGGCAGCTGGTTTCTTGTAGGG. The pcDNA3-Dcc-HA construct was a
kind gift by F. Charron. For DccDWIRS-HA, the following primers were used for Quikchange:
CAACTCACCCACTCCGCGCCGCTGCTAATCCTTTGCTACC
and GGTAGCAAAGGATTAGCAGCGGCGCGGAGTGGGTGAGTTG. Next, wild type Dcc-HA and
DccDWIRS-HA coding sequences were cloned into a pCAG vector (a kind gift by A. Kania)
using NotI/XhoI sites.
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Immunoprecipitation
S2R+ cells were transiently transfected with Effectene transfection reagent (Qiagen,
Valencia CA, #301425) and induced 24 hours later with 0.5mM copper sulfate. 24 hours
after induction, cells were lysed in TBS-V (150 mM NaCl, 10 mM Tris pH-8, 1 mM orthovanadate) supplemented with 0.5% Surfact-AMPS NP40 (Thermo, Waltham MA, #85124)
and 1x Complete Protease Inhibitor (Roche, #11697498001) for 20 min at 4oC. Soluble
proteins were recovered by centrifugation at 15,000 x g for 10 min at 4oC. Lysates were precleared with 30 μl of a 50% slurry of protein A (Invitrogen, #15918-014) and protein G
agarose beads (Invitrogen, #15920-010) by incubation for 20 minutes at 4 oC. Pre-cleared
lysates were then incubated with 0.7 μg of rabbit anti-GFP antibody for 2 hours at 4oC to
precipitate HSPC300-GFP. After incubation, 30 μl of a 50% slurry of protein A and protein G
agarose beads was added and samples were incubated for an additional 30 minutes at 4oC.
The immunocomplexes were washed three times with lysis buffer, boiled for 10 min in 2x
Laemmli SDS sample buffer (Bio-Rad, #1610737) and analyzed by western blotting.
Proteins were resolved by SDS-PAGE and transferred to nitrocellulose membrane
(Amersham, #10600032). Membranes were blocked with 5% dry milk and 0.1% Tween 20
in PBS for 1 h at room temperature and incubated with primary antibodies overnight at 4oC.
Following three washes with PBS/0.1% Tween 20, membranes were incubated with the
appropriate HRP-conjugated secondary antibody at room temperature for 1h. Signals were
detected using Clarity ECL (Bio-Rad, #1705061) according to manufacturer’s instructions.
Antibodies used: for immunoprecipitation, rabbit anti-GFP and for western blot, rabbit antiGFP (1:500, Invitrogen, #a11122), mouse anti-MYC (1:1000, DSHB, #9E10-C), HRP goat
anti-rabbit (1:10,000, Jackson Immunoresearch, #111-035-003) and HRP goat anti-mouse
(1:10,000, Jackson Immunoresearch, #115-035-146).
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For co-immunoprecipitation assays in Drosophila embryos, embryonic protein lysates were
prepared from approximately 100 μl of embryos overexpressing UAS-HSPC300-GFP alone or
with the MYC-tagged UAS-Fra variants in all neurons. Embryos were lysed in 0.5 ml TBS-V
(150 mM NaCl, 10 mM Tris pH 8.0, 1 mM ortho-vanadate) supplemented with 1% SurfactAMPS NP40 and protease inhibitors by manual homogenization using a plastic pestle.
Homogenized samples were incubated with gentle rocking at 4oC for 10 min and
centrifuged at 15,000 x g for 10 min in a pre-chilled rotor. Supernatants were collected after
centrifugation and immunoprecipitations and western blotting were performed as
described above. Antibodies used: for immunoprecipitation, rabbit anti-GFP (1:500,
Invitrogen, #a11122) and for western blot, rabbit anti-GFP (1:500, Invitrogen, #a11122),
mouse anti-MYC (1:1000, DSHB, #9E10-C), mouse anti-beta tubulin (1:1000, DSHB, #E7),
HRP goat anti-rabbit (1:10,000, Jackson Immunoresearch, #111-035-003) and HRP goat
anti-mouse (1:10,000, Jackson Immunoresearch, #115-035-146).
Immunostaining
Dechorionated, formaldehyde-fixed Drosophila embryos were fluorescently stained using
standard methods. The following antibodies were used: rabbit anti-GFP (1:250, Invitrogen,
#a11122), chick anti-beta gal (1:500, Abcam, #ab9361), mouse anti-MYC (1:1000, DSHB,
#9E10-C), Alexa647 goat anti-HRP (1:500, Jackson Immunoresearch, #123-605-021),
Alexa488 goat anti-rabbit (1:500, Invitrogen, #A11034), Cy3 goat anti-mouse (1:500,
Jackson Immunoresearch, #115-165-003), Cy3 goat anti-Chick (1:500, Abcam, #ab97145)
and 647 goat anti-HRP (1:1,000, Jackson Immunoresearch, #123-605-021). Embryos were
filleted and mounted in 70% glycerol/1xPBS.
Dissociated spinal commissural neurons were fixed for 20 min in 4% paraformaldehyde
(Electron Microscopy Services, #15710) at room temperature and washed three times with
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PBS. Fixed neurons were then permeabilized with 0.1% Triton X-100 in PBS (PBT) for 10
min and blocked with 2% horse serum (HS) in PBT for 30 min at room temperature. The
blocking solution was replaced with primary antibody diluted in 2% HS in PBT and
incubated overnight at 4oC. Following three washes with PBT, secondary antibody diluted in
2% HS in PBT was added and incubated for 1 h at room temperature. Neurons were then
washed three times with PBT and the coverslips were mounted in Aquamount. The
following antibodies were used: rabbit anti-HA (1:500, Cell Signaling Technologies, #3724)
and Cy3 goat anti-rabbit (1:500, Jackson Immunoresearch, #111-165-003).
Collagen-embedded explants were fixed in 4% paraformaldehyde overnight at 4oC and
washed three times for 10 min in PBS. Fixed explants were then blocked in 2.5% NGS in PBT
for 2 h at room temperature and incubated with primary antibody diluted in blocking
solution overnight at 4oC. Explants were washed six times for 1 h with PBT and incubated
with secondary antibody diluted in blocking solution overnight at 4oC. After 6 1 h washes
with PBT, explants were mounted on cavity slides. The following antibodies were used:
rabbit anti-HA (1:500, Cell Signaling Technologies, #3724), mouse anti-beta tubulin (1:300,
DSHB, #E7), rabbit anti-dsRed (1:200, Takara, #632496), Alexa488 goat anti-mouse (1:500,
Invitrogen, #A11029) and Cy3 goat anti-rabbit (1:500, Jackson Immunoresearch, #111-165003).
Fixed samples of Drosophila embryo nerve cords, mouse dissociated commissural neurons
and mouse dorsal spinal cord explants were imaged using a spinning disk confocal system
(Perkin Elmer) built on a Nikon Ti-U inverted microscope using a Nikon 40X objective (for
nerve cords and neurons) and a 10X objective (for explants) with Volocity imaging
software. Images were processed using NIH ImageJ software.
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Electroporation of mouse embryos and primary neuron culture
E12 embryos were electroporated ex utero by injecting 100ng/μl DNA in electroporation
buffer (30mM HEPES pH7.5 (Thermo, #BP299-1), 300mM KCl (Thermo, #BP366-1), 1mM
MgCl2 (Thermo, #BP214-500) and 0.1% Fast Green FCF (Thermo, #F99-10)) into the
central canal of the neural tube. A BTX ECM 830 electroporator (BTX Harvard Apparatus,
#45-0662) was used for bilateral electroporation into spinal cord neurons (Five 30V pulses,
each of 50ms duration for each half of the spinal cord). Following electroporation, dorsal
spinal cords were dissected out and cut into explants for the explant outgrowth assay or
used for preparation of dissociated neuronal cultures. For neuron culture, dissected spinal
cords were washed in Hanks’ Balanced Salt Solution (HBSS, Gibco, #14175-079) and
digested with 0.05% trypsin (Gibco, #25300054) for 7 min at 37oC. 1μl of DNase I (NEB,
#M0303L) and 0.15% MgSO4 (Thermo, #7487-88-9) was added for an additional minute
and the samples were centrifuged at 400 x g for 4 min. Samples were washed with prewarmed HBSS and a small fire-polished Pasteur pipette was used to triturate the tissue and
dissociate it into single cells. Cells were plated on acid-washed, Poly-D-Lysine and NCadherin coated coverslips and cultured in plating media (Neurobasal (Gibco, #21103-049)
medium

supplemented

with

10%

heat-inactivated

FBS

and

1X

penicillin/streptomycin/glutamine).
Explant outgrowth assay
Dorsal spinal cord explants form E12 mouse embryos were dissected and cultured in
collagen gels as previously described (Serafini 1994). Briefly, explants were embedded in
rat tail collagen (Corning, #354249) gels at a distance of one explant diameters away from a
mock 293T cell aggregate (ATCC, CRL-3216) or a cell aggregate expressing netrin (pGnetrin-MYC, a kind gift by F. Charron). Explants were grown in 50% OptiMEM and 45%
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Ham’s F-12 media supplemented with 5% horse-serum, 0.75% glucose and 1X
penicillin/streptomycin/glutamine for 24h. Explant were subsequently fixed and stained as
described above. For preparation of 293T cell aggregates, cells were trypsinized and
resuspended in a rat tail collagen solution, drawn into a glass Pasteur pipette and allowed to
polymerize. The collagen-embedded cells were released from the pipette using a rubber
bulb and the aggregates cut into 1 mm clusters.
Quantitation and statistical analysis
For analysis of Drosophila nerve cord phenotypes, image analysis was conducted blind to
the genotype. Data are presented as mean values ± S.E.M. For statistical analysis,
comparisons were made between two groups using the Student’s t-test. For multiple
comparisons, significance was assessed using one-way ANOVA with Tukey’s post hoc tests.
Differences were considered significant when p < 0.05. For the explant outgrowth assay,
explants images were converted to black-and-white composites using the Threshold
function. Each experimental set was quantified using the same threshold parameters.
Explant quadrants were delineated by placing a right-angled crosshair at the center of each
explant with the proximal quadrant directly facing the cell aggregate. The total area of black
pixels was measured for the proximal and distal quadrants using the Analyze Particles
function. The particles showing axonal outgrowth were then erased using the Eraser tool
and the total area of black particles was measured again. The difference was recorded as
total area of axonal outgrowth. Next, the length of each quadrant was measured by tracing
the border of the quadrant using the Freehand Line tool. Values for total area of outgrowth
were normalized to length of the quadrant and these final values were used to obtain the
proximal/distal ratios for each explant. The measurements for each explant in a set were
averaged and the ratios of experimental conditions compared with control condition were
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calculated. Data are presented as mean ± SEM. Total number of explants for RFP control,
RFP netrin, Dcc control, Dcc netrin, DccDWIRS control and DccDWIRS netrin is 20, 20, 21,
22, 20 and 21 respectively. For statistical analysis, comparisons were made between groups
using one-way ANOVA with Tukey’s post hoc tests. Differences were considered significant
when p < 0.05. For western blots, densitometric analysis was performed and band
intensities of co-immunoprecipitating proteins in the immunoprecipitates were normalized
to band intensities of HSPC300 in the immunoprecipitates as well as to lysate levels of the
co-immunoprecipitating proteins. For each independent experiment, values were compared
with wild type Fra normalized values. Data are presented as mean ± SEM. For statistical
analysis, significance was assessed using one-way ANOVA with Tukey’s post hoc tests.
Differences were considered significant when p < 0.05.
Data and software availability
Confocal stacks were collected using a spinning disk confocal system (Perkin Elmer) built
on a Nikon Ti-U inverted microscope with Volocity imaging software. Explants were imaged
on a Zeiss LSM 800 microscope. Images were processed using NIH ImageJ and Adobe
Photoshop software. All statistics and graphs were generated using GraphPad Prism 9.
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Figure 5. 1. The WRC is a positive regulator of midline crossing.

(A-C) Stage 16 Drosophila embryos carrying egGal4 and UAS-CD8GFP transgenes stained
with anti-GFP (magenta) which labels cell bodies and axons of the eagle neurons (EG and
EW) and anti-HRP (cyan) which labels all CNS axons. EG neurons project through the
anterior commissure of each segment while EW neurons project through the posterior
commissure. (A) EW neurons cross in 100% of segments in wild type embryos. (B)
Misexpression of a truncated Fra receptor lacking its cytoplasmic domain (FraDC) in eagle
neurons results in a mild disruption of midline crossing where EW axons fail to cross in
15% of nerve cord segments (white arrows). (C) Removing one copy of cyfip in a FraDC
background results in a significant enhancement of the non-crossing defects with EW axons
failing to cross in almost 50% of nerve cord segments. (D) Quantitation shows the
percentage of segments in which EW axons fail to cross the midline. Data are presented as
mean ± SEM, number of embryos, n = 26 and 20. Significance was assessed using Student’s
t-test.
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Figure 5. 2. Fra interacts with the WRC via its canonical WIRS motif.

(A) Sequence alignments of the cytoplasmic tail of Fra/Dcc showing that the canonical WIRS
motif in the P2 domain is conserved across species. (B) Schematic depicting the deletion of
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the entire P2 domain in the FraΔP2 variant and the residues of the WIRS motif that are
mutated in the FraΔWIRS variant. (C) Drosophila S2R+ cell lysates co-expressing HSPC300GFP with either wild type Fra-MYC, FraΔP2 or FraΔWIRS-MYC were immunoprecipitated
with an anti-GFP antibody. The first three lanes show the individual variants expressed
alone. The fourth lane shows wild type Fra co-immunoprecipitating with HSPC300 while
the fifth and sixth lanes show that both deleting the entire P2 domain as well as mutating
the WIRS motif decreases this binding. (D) Quantitation of band intensities of the MYCtagged Fra variants in the immunoprecipitates normalized to wild type Fra-MYC. Data were
further normalized to lysate levels of the Fra variants and HSPC300 levels in the
immunoprecipitates. Error bars represent SEM. Number of trials, n = 4. Significance was
assessed using one-way ANOVA with Tukey’s multiple comparisons test. (E) Schematic
depicting the canonical WIRS sequence, the WIRS sequence in the P2 domain of Fra and the
second site at amino acid 1315 of Fra that is similar to the WIRS sequence but lacks the
bulky hydrophobic residue at position one. (F) Drosophila S2R+ cell lysates co-expressing
HSPC300-GFP with either wild type Fra-MYC, FraΔWIRS-MYC or Fra(1315-1320)-MYC where
the second site is mutated at residues one, three and four of the sequence. Lysates were
immunoprecipitated with an anti-GFP antibody. The first three lanes show the individual
variants expressed alone. The fourth lane shows wild type Fra co-immunoprecipitating with
HSPC300. The fifth and sixth lanes show that while mutating the WIRS motif decreases this
binding, mutating the second site has no effect on Fra’s interaction with the WRC. (G)
Lysates from Drosophila embryos with elavGal4 pan-neuronally driving the expression of
HSPC300-GFP alone (lane 1), with FraΔWIRS-MYC (lane 2), with wild type Fra-MYC (lane 3)
or with FraΔP2 (lane 4), were immunoprecipitated with anti-GFP. Wild type Fra coimmunoprecipitates with HSPC300 and deleting the P2 domain or mutating the WIRS motif
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decreases this binding. (H) Quantitation of band intensities of the MYC-tagged Fra variants
in the imunnoprecipitates normalized to wild type Fra-MYC. Data were further normalized
to the lysate levels of the Fra variants and HSPC300 levels in the immunoprecipitates. Error
bars represent SEM. Number of trials, n = 3. Significance was assessed using one-way
ANOVA with Tukey’s multiple comparisons test.
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Figure 5. 3. The WIRS motif is important for Fra’s ability to induce ectopic attraction
in vivo.

(A-C) Stage 16 embryos carrying apGal4 and UAS-CD8GFP transgenes stained with anti-GFP
which labels the apterous (ap) cell bodies and axons. (A) Wild type embryos show ap axons
that normally project ipsilaterally without crossing the midline. (B) Misexpression of wild
type MYC-tagged Fra in apterous neurons results in a strong gain-of-function phenotype
with apterous axons ectopically crossing the midline in 67% of nerve cord segments (white
arrows). (C and D) Misexpressing MYC-tagged FraΔWIRS or FraΔP2 results in a significantly
milder phenotype with fewer segments showing ectopic apterous crossing (48%). Anti-MYC
staining shows comparable expression of the MYC-tagged Fra variants that were inserted
into the same genomic locus. (E) Quantitation shows the percentage of segments in
apterous axons ectopically cross the midline. Data are presented as mean ± SEM, number of
embryos, n = 15, 15, 11. Significance was assessed using one-way ANOVA with Tukey’s
multiple comparisons test.
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Figure 5. 4. The WIRS motif is important for Fra function in vivo.

(A-E) Stage 16 Drosophila embryos carrying egGal4 and UAS-CD8GFP transgenes stained
with anti-GFP (magenta) which labels cell bodies and axons of the eagle neurons (A) EW
neurons cross in 100% of segments in wild type embryos. (B) fra mutants show strong noncrossing defects with EW axons failing to cross in over 50% of nerve cord segments
(asterisk). (C) Pan-neuronal expression of wild type 10xUAS-Fra almost completely rescues
the fra mutant phenotype however both (D) 10xUAS- FraΔWIRS and (E) 10xUAS- FraΔP2 fail
to rescue the fra mutant phenotype as efficiently as wild type Fra with over 20% of
segments still showing EW non-crossing defects. (F) Quantitation shows the percentage of
segments in which EW axons fail to cross the midline. Data are presented as mean ± SEM,
number of embryos, n = 15, 28, 27 and 20. Significance was assessed using one-way ANOVA
with Tukey’s multiple comparisons test.
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Figure 5. 5. The WIRS motif is important for Dcc function in mouse dorsal spinal
neurons.

(A-F) E12 dorsal spinal cord explants labeled with anti-Tubulin to visualize axon outgrowth.
Dotted lines indicate the position of the cell aggregate. (A-C) Explants electroporated with
RFP, Dcc or Dcc ΔWIRS and cultured next to a mock cell aggregate show a little growth on
all sides of the explant. (D) RFP electroporated explants cultured next to a netrin-expressing
cell aggregate show increased outgrowth on the quadrant proximal to the aggregate as
compared to the quadrant distal to it (2.27). (E) Explants electroporated with wild type Dcc
cultured next to a netrin-expressing cell aggregate show even more outgrowth on the
proximal quadrant demonstrating increased responsiveness to netrin (3.66). (F) Explants
electroporated with DccΔWIRS cultured next to a netrin-expressing cell aggregate show no
such increase in netrin responsiveness as the proximal: distal outgrowth ratio is similar to
that seen for RFP electroporated explants (1.89). (G) Quantification shows the
proximal/distal outgrowth ratio for explants cultured next to control cell aggregates
(white) and netrin-expressing cell aggregates (grey). Data are presented as mean ± SEM,
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number of explants, n = 20, 20, 21, 22, 20 and 21. Significance was assessed using one-way
ANOVA with Tukey’s multiple comparisons test.
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Figure 5. S 1. Dcc variants are expressed at similar levels in mouse dorsal spinal
neurons.

(A) E12 dorsal spinal cord explants electroporated with RFP, HA-tagged Dcc or HA-tagged
DccΔWIRS show poor penetration of the HA antibody. (B) E12 dissociated dorsal spinal
neurons electroporated either with HA-tagged Dcc or with HA-tagged DccΔWIRS and
stained with anti-HA show comparable expression levels of wild type Dcc and DccΔWIRS.
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS
My thesis research identified the WRC as a direct downstream effector of axon
guidance receptors serving as a link to the actin cytoskeleton for growth cone navigation.
Additionally, my thesis work made significant contributions to the characterization of the
role of the Ndfip-Nedd4 ubiquitin ligase pathway in the regulation of Robo1 levels and
commissural axon guidance in the vertebrate spinal cord. In this chapter I discuss future
research avenues that stem from these findings.
Elucidating the mechanisms of Ndfip regulation
We have shown that Ndfip proteins function analogously to Comm in vertebrates by
regulating the ubiquitylation and subsequent degradation of Robo1 (Chapter 3). Ndfip
proteins are enriched in pre-crossing commissural axons, and their expression patterns are
reminiscent of Comm in the Drosophila embryonic nerve cord. Interestingly, Comm’s
expression is regulated by the transcriptional activity of Fra, the Dcc homolog in Drosophila
(Neuhaus-Follini & Bashaw, 2015). Fra is proteolytically processed through a g-secretasemediated cleavage and the intracellular domain (ICD) of Fra translocates to the nucleus
where it activates comm transcription. Importantly, Dcc is also cleaved, and its ICD can
enter the nucleus and regulate gene transcription in vitro (Bai et al., 2011; Galko & TessierLavigne, 2000; Taniguchi et al., 2003). These observations raise the possibility that Dcc can
transcriptionally regulate Ndfip expression in the developing spinal cord, and this
represents a promising research avenue. Further, in Drosophila, the transcriptional
activation function of Fra is not dependent on its canonical ligand netrin (Yang et al., 2009).
Yet, midline mutants show a decrease in comm expression (Yixin Zang, personal
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communication) suggesting the presence of an alternative ligand secreted by midline cells
that regulates Fra’s non-canonical signaling pathway. It will be of great interest to identify
the non-canonical ligand for Fra and determine whether a similar ligand exists for Dcc. We
can perform an immunoaffinity purification mass spectrometry (IP-MS) with Fra from
Drosophila embryonic protein lysates to identify potential interactors of Fra. Promising
candidates for ligands can be selected based on their expression data in the nerve cord and
screened for their ability to induce proteolytic processing of Fra. Given that comm is a
transcriptional output of the Fra non-canonical pathway, we can further examine Drosophila
embryo mutants for these candidates and assess whether comm expression is reduced in
these mutants.
In Drosophila, there is strong evidence to suggest that Comm regulates other
substrates in addition to Robo1 (Gilestro, 2008). When endogenous Robo1 is replaced with
a Robo1 variant that cannot be regulated by Comm, the developing embryos surprisingly
show no defects in midline crossing, strongly suggesting the presence of other important
cargos for Comm. While our data shows that Ndfip regulates Robo1 in the mammalian
spinal cord, it does not exclude the possibility that Ndfip also regulates other substrates to
promote midline crossing. As an open-ended approach to discovering additional cargos for
the Ndfip and Comm, we can perform IP-MS with both Ndfip and Comm to identify
additional interactors and determine if these proteins share any other substrates that are
important for axon guidance.
Exploring the mechanisms of WRC action downstream of guidance receptors
We have shown that the WIRS-WRC interaction is important for both Robo and Fra
signaling in the context of axon guidance (Chapters 2 and 5). This of course begs the
question of how the WRC functions in both attractive and repulsive signaling to achieve

298

such diametrically opposite outputs. Although this might appear contradictory, it is
unsurprising given that we see the same trend with most other downstream effectors like
Ena, Abl, and Rac, all of which have been implicated in both attraction and repulsion
(Bashaw et al., 2000; Briançon-Marjollet et al., 2008; Fan et al., 2003; Forsthoefel et al.,
2005; Gitai et al., 2003; Li et al., 2002; Wong et al., 2001; Yu et al., 2002). Here, it is
important to note two things. First, the primary mode of action for guidance receptors is
through extensive actin remodeling. In addition to the generation of filopodia and
lamellipodia, actin dynamics are essential for many other cellular processes like adhesion,
endo- and exocytosis, and membrane trafficking, all of which have roles in axon guidance
responses. Second, in their physiological environments, growth cones are subjected to
several guidance cues simultaneously, and the final signaling output is often a product of the
integration of multiple, diverging guidance receptor pathways. Given this level of
complexity in guidance signaling, it may seem prudent for neurons to have a core set of
actin-modifying proteins that can receive and integrate inputs from several different
guidance receptors and can be fine-tuned to produce a distinct context-dependent response.
A key to deciphering this complexity will be to obtain data on the spatiotemporal activation
of the WRC and other effectors, downstream of all these guidance receptors. Especially
considering when and where in a cell effectors are active can influence both the duration of
their signaling and the protein assemblies with which they interact, resulting in differential
signaling outputs (Fehrenbacher et al., 2009; Sugiyama et al., 2019). While there isn’t yet an
available biosensor for the WRC, a FRET-based biosensor for the Arp2/3 complex (Law et
al., 2021) can serve as a useful proxy for WRC activation since active WRC serves as a
nucleation promoting factor which drives Arp2/3-mediated branched actin polymerization.
The FRET biosensor is generated by tagging ARPC3 and ARPC1B, two components of the
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Arp2/3 complex, with a FRET donor and acceptor respectively, such that the
conformational change upon activation of the complex drives these components closer
allowing FRET to occur. We can use these biosensors in both, Drosophila cell lines and
vertebrate primary neurons to measure and track FRET activity at different subcellular
locations in response to the guidance cues, Slit and netrin. To distinguish Arp2/3 activation
mediated specifically by the WRC from other activators of Arp2/3 in the cell, we can
sequester the WRC by overexpressing a synthetic WIRS peptide. Additionally, Nance-Horan
Syndrome-like 1 (NHSL-1) was recently identified as a negative regulator of the WRC (Law
et al., 2021) and might be used to inhibit WRC activity. FRET biosensors are also available
for Rho GTPases and with the advent of red-shifted sensors for small GTPases like Rac1
(Kim et al., 2019), we can use a multiplexed approach to biosensor detection and obtain
information about the spatiotemporal activation of multiple effectors downstream of these
guidance cues simultaneously in a given cellular context.
Further, to obtain a full picture of the actin reorganization within a responding
growth cone, it will be important to dissect which actin-dependent processes are directly
affected by the WIRS-WRC interaction downstream of individual axon guidance receptors.
For Robo signaling, we assessed surface levels of both wild type Robo1 and Robo1DWIRS in
Drosophila embryos and mouse commissural neurons and found no alteration in receptor
trafficking to the plasma membrane (Figure 2.6 – figure supplement 2). However, we cannot
exclude the possibility that the endocytosis and recycling of Robo1 following Slit
sensitization was affected. Previous reports have found that pre-treatment of mouse dorsal
commissural neurons with Slit, prior to Slit stimulation, induces the endocytosis and
recycling of Robo1 receptors which establishes a positive-feedback mechanism that
augments axon responsiveness to Slit (Kinoshita-Kawada et al., 2019). Interestingly, this
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feedback loop is mediated by the small GTPase, Arf6 (Kinoshita-Kawada et al., 2019) and
Arf6 has previously been shown to activate the WRC (Koronakis et al., 2011; Singh et al.,
2020). Indeed, the WRC plays a role in endocytosis of Tropomyosin receptor kinase B
(TrkB; Xu et al., 2016) and the Interleukin 2 receptor (IL2R) via its WIRS motif (Basquin et
al., 2015). There is thus a high likelihood that the WIRS-WRC interaction is important for
Robo1 endocytosis and recycling following Slit sensitization, and this warrants further
investigation. For example, we can examine the redistribution of surface-labeled Robo1 and
Robo1DWIRS in the axonal compartments of primary commissural neurons upon Slit
treatment using live cell antibody feeding assays. Further, to determine if the WRC is
important for enhancing Slit sensitivity of commissural neurons, we can test whether
repetitive Slit stimulations are able to augment the Slit response similar to wild type Robo1
when the WIRS motif in Robo1 is mutated. Given the recent findings on the importance of
ventricular zone netrin in commissural axon guidance and the suggestion that netrin acts
via an adhesive process in the spinal cord (Dominici et al., 2017; Varadarajan et al., 2017), it
might be informative to assay whether there is a differential contribution of the WIRS motif
in Dcc to netrin-mediated chemotactic versus haptotactic signaling. Importantly, moving
forward it will be essential to generate more detailed, high-resolution studies of
cytoskeletal dynamics of growth cones in response to these guidance cues. Super-resolution
microscopy has been used to observe the kinetic dynamics of F-actin and the movement of
individual actin molecules in dendritic spines of hippocampal neurons (Frost et al., 2010;
Tatavarty et al., 2009). Most recently, super-resolution microscopy was used to identify an
actin-independent function for the WRC in lamellipodial protrusion (Pipathsouk et al.,
2021). The WRC oligomerizes into highly ordered rings in the absence of an actin polymer
which associate with curved membranes in a Rac1-dependent manner. Indeed, in the
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absence of the Arp2/3 complex, neutrophils were still able to generate WRC-studded sheetlike protrusions however in the absence of the WRC, cells formed spike protrusions thus
reflecting the importance of the WRC, but not necessarily Arp2/3, in lamellipodial
organization. Interestingly, WASP-family proteins can also function to enhance actin
filament elongation in another Arp2/3-independent function through direct shuttling of
actin monomers onto the ends of uncapped actin filaments (Bieling et al., 2018). Thus, while
it is generally assumed that NPFs function via Arp2/3 in any given context, these findings
underscore the importance of assaying for Arp2/3 involvement downstream of WIRScontaining guidance receptors to accurately dissect mechanisms of WRC function in axon
guidance. Our data demonstrates that the WRC functions via Arp2/3 downstream of Robo1
(Figure 2.6). We can further test for WRC-mediated Arp2/3 involvement downstream of
Fra. Using arp2/3 mutants, we can test for genetic interactions with the Netrin-Fra signaling
pathway in the Drosophila embryonic nerve cord. To determine if Arp2/3 is recruited to Fra
by the WRC, we can use a proximity ligation assay to test whether Arp2/3 interacts with Fra
and whether mutating the WIRS motif in Fra decreases this interaction. With direct
visualization of cytoskeletal dynamics and spatiotemporal activation data of actinmodifying effectors, we can begin to understand the complexity of the growth cone actin
machinery.
Investigating phosphorylation as a means of regulating the WIRS-WRC interaction
We have shown that the WIRS-WRC interaction in Robo can be regulated by Robo’s
ligand, Slit (Figure 2.3). It will be interesting to examine whether this ligand-dependent
WIRS-WRC interaction is a general principle governing axon guidance receptor signaling
and if Netrin can regulate Fra’s interaction with the WRC. We can further speculate as to the
mechanism by which Slit influences WRC binding. One possibility is that the binding of Slit
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induces a conformational change in the structure of the cytoplasmic tail of Robo that
exposes the WIRS motif and makes it available for binding to the WRC. A second, more
exciting possibility is that the WIRS-WRC interaction could be modulated by
phosphorylation. The canonical WIRS motif has a serine or threonine residue at position 3
that has the potential to be phosphorylated. Indeed, phosphoproteomic databases suggest
phosphorylation of WIRS motifs in various transmembrane receptors (Chen et al., 2014;
Hornbeck et al., 2012). Further, unpublished data performed by Baoyu Chen while in the
Rosen lab shows that phosphorylation of threonine in WIRS in vitro disrupted binding to the
WRC (Chen, personal communication). It would be very interesting to see if the WIRS sites
in Robo or Fra/Dcc are phosphorylated and whether mutating the serine/threonine to a
phosphomimetic residue can disrupt the binding of these receptors to the WRC. Further, we
can determine whether the phosphomimetic forms of these receptors disrupt receptor
function in vivo, in a manner similar to the WIRS mutants. This will allow us to test a model
where phosphorylation of the WIRS motif blocks binding of the WRC to these receptors and
the presence of a ligand induces dephosphorylation of the WIRS, allowing for the
subsequent recruitment of the WRC at sites of receptor activation. This model could be
independent of ligand-dependent receptor conformational changes or work together with
them in a concerted effort to regulate WRC binding. It would be interesting if we could
identify specific kinases and phosphatases that can regulate this interaction in different
guidance receptor signaling pathways. While there is limited data available on the
involvement of serine/threonine phosphatases in midline crossing, receptor-linked protein
tyrosine phosphatases (RPTPs) have been shown to regulate axon guidance across the
Drosophila midline (Sun et al., 2000). RPTP mutants genetically interact with the Slit-Robo
signaling pathway and function as positive regulators of midline repulsion. Although there
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is no evidence that the phosphatase acts directly on Robo in the midline, Slit has been
shown to enhance RPTP’s interaction with a different receptor, Dscam1. RPTP functions to
dephosphorylate Dscam1 and is required for the extension of axon collaterals in Drosophila
mechanosensory neurons (Dascenco et al., 2015).
Investigating the importance of the WIRS-WRC interaction in other contexts
Both Robo and Fra have numerous functions in embryo development outside of
regulating midline crossing. Embryos lacking robo1 show defects in tracheal migration
(Englund et al., 2002) and heart lumen formation (Qian et al., 2005). Robo1 regulates
mesodermal migration for muscle patterning (Kramer et al., 2001) along with the migration
of chordotonal sensory neurons (Kraut & Zinn, 2004). In mammals, Robo1 regulates the
formation of blood vessels (Rama et al., 2015) and organs like the heart (Mommersteeg et
al., 2013) and the mammary glands (Macias et al., 2011) where it can also regulate stem cell
proliferation (Ballard et al., 2015). Fra plays a role in heart and lung morphogenesis
(Macabenta et al., 2013; Pert et al., 2015) as well as the formation of midgut epithelium in
Drosophila. Fra also acts to maintain adherens junctions (AJs) in epithelial cells (Golenkina
et al., 2018; Manhire-Heath et al., 2013). An outstanding question is how these guidance
receptors function in different tissue contexts to produce distinct functional outputs. Are
there different downstream signaling cascades that function in different cell types? It would
be interesting to use the Drosophila embryo to investigate which developmental functions
of Robo and Fra require the WIRS motif. Notably, apart from their role in midline crossing,
Fra and Robo function to regulate dendrite targeting in the CNS (Brierley et al., 2009; Mauss
et al., 2009; Santiago & Bashaw, 2017) and Fra governs motor axon guidance in the
periphery (Santiago & Bashaw, 2017). Indeed, the WRC has previously been implicated in
dendrite morphogenesis in PVD neurons (Zou et al., 2018). Using our robo1DWIRS CRISPR
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mutants, together with mutating the WIRS motif in the endogenous fra locus, we can
discern which developmental functions of Robo and Fra require the WIRS-WRC interaction.
The use of CRISPR to mutate the WIRS motif in endogenous fra will also be important to
build on our understanding how the WIRS motif contributes to Fra’s function in midline
crossing. We tested the importance of Fra’s WIRS motif in gain-of-function and rescue
assays in the Drosophila embryonic nerve cord using transgenic flies overexpressing wild
type Fra or FraDWIRS (Figure 5.3 and 5.4). However, while we did observe a reduction in
Fra’s function upon mutation of its WIRS motif, high expression levels resulting from
Gal4/UAS-directed expression can significantly hinder detection of critical structural
elements of a receptor and lead to an underestimation of the relative importance of these
elements. Indeed, when using the Gal4-UAS system to drive high levels of Robo1 into the
robo1 mutant embryos, we observe only very modest differences between the wild type and
WIRS mutant forms of overexpressed Robo1 (Figure 2.4 – figure supplement 1). In contrast,
we see much more severe phenotypes when the WIRS motif is disrupted under conditions
that more closely match the endogenous robo1 levels (Figure 2.5). These direct
comparisons between different assays to measure protein function suggest that our results
comparing the Gal4-UAS/driven effects of Fra and Fra∆WIRS are likely to underestimate the
significance of the WIRS motif and recruitment of the WRC for Fra-mediated midline
attraction.
Apart from inducing cytoskeletal rearrangements, the intracellular domain of Dcc
can interact with translational machinery to regulate translation (Tcherkezian et al., 2010).
Interestingly, in addition to functioning as part of the WRC, CYFIP interacts with Fragile X
mental retardation protein (FMRP) to negatively regulate protein translation (Napoli et al.,
2008). Rac1 regulates CYFIP segregation between these two complexes, and in response to
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BDNF stimulation, Rac1 activation promotes CYFIP recruitment to the WRC resulting in a
concomitant reduction in the pool of CYFIP available for repressing translation (De Rubeis
et al., 2013). In this way, BDNF is able to simultaneously induce protein synthesis and also
drive actin polymerization. Given that Dcc also functions to mediate cytoskeletal
rearrangements at the growth cone and has the potential to regulate local translation, it
would be interesting to determine if Rac1 activation downstream of Dcc is able to regulate
CYFIP segregation in a similar manner. Our data shows that the Drosophila homolog of
FMRP does not genetically interact with the Slit-Robo pathway (Figure 2.6 – figure
supplement 1J), arguing against a WRC-independent function for CYFIP in Robo1 repulsive
signaling. It remains to be seen whether FMRP is important for Fra’s function in midline
attraction.
Finally, Fra functions as a transcriptional activator in the embryonic nerve cord to
control transcription of an endosomal sorting receptor, Commissureless. While it is less
likely that the WRC contributes to Fra’s transcriptional function, it is worth noting that
Wiscott Aldrich Syndrome (WAS) proteins including the WRC, are present in the nucleus
and have been implicated in the regulation of global transcription (Verboon et al., 2015).
Notably, Wave1 can also have specific downstream target genes in addition to affecting
global transcription (Miyamoto et al., 2013). Wave1 can bind to active RNA polymerase II
via its WHD domain and knockdown of Wave1 in Xenopus embryos results in
downregulation of many hox genes that can be rescued by expression of nuclear Wave1
(Miyamoto et al., 2013). While several functions have been documented for Robo and Fra,
less is known about the specific downstream effectors at play in these different tissue
contexts. Given their extensive involvement in development and disease contexts, a
complete dissection of these signaling pathway is a vital future direction.
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Exploring the differential signaling and regulation of vertebrate Robo1 and Robo2
Vertebrate Robo2 is a paralog of Robo1 that arose from a gene duplication event.
Both vertebrate Robo1 and Robo2 have identical structural elements, including four CC
domains in their cytoplasmic tails (Figure 6.1A). Both Robo1 and Robo2 are expressed in
commissural neurons in the developing spinal cord and function to regulate floor plate
crossing (Long et al., 2004). While Robo1 is expressed in both ventral and lateral tracts,
Robo2 levels appear higher in the lateral funiculus (Jaworski et al., 2010; M. Kim et al.,
2011). Consistent with this expression pattern, Robo1 functions to guide axons in medial
tracts and Robo2 in dorsal longitudinal tracts (M. Kim et al., 2011). Given that all known
downstream effectors of Robo1 bind to the CC domains, it is generally assumed that both
Robo1 and Robo2 share a common downstream signaling pathway. However, whether
these receptors can mediate distinct signaling outputs has not been investigated.
Interestingly, despite their overall structural similarity, the conserved WIRS motif in Robo1,
which is located between the CC0 and CC1 domains, is absent in vertebrate Robo2 (Figure
6.1A). Vertebrate Robo2 does have two putative WIRS motifs, one upstream of CC0 and
another between CC2 and CC3 (Figure 6.1A). While mutating the WIRS motif in Robo1
disrupts its ability to induce ectopic repulsion in chick commissural axons (Figure 2.8), we
see no such effect on Robo2 when both its WIRS motifs are mutated (Figure 6.1). Thus, the
WIRS motifs in Robo2 appear to be dispensable for Robo2’s function in driving ectopic
repulsion in vivo. These results could suggest a role for the WRC in specifying differential
signaling downstream of vertebrate Robo1 and Robo2. It will be interesting to further
evaluate whether these WIRS motifs in Robo2 actually mediate interaction with the WRC
and if they have a role in other functions of vertebrate Robo2. Interestingly, similar to
vertebrate Robo1, vertebrate Robo3 contains a canonical WIRS motif after its CC0 domain.
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Vertebrate Robo3 can induce repulsive signaling in response to a recently identified ligand,
NELL2 (Jaworski et al., 2015). It will be interesting to assess whether this WIRS motif is
important for Robo3 function and whether these Robo receptors can share a common
cellular mechanism for repulsion, despite responding to distinct ligands.
In addition to the outstanding question of whether vertebrate Robo1 and Robo2 can
signal differently, it is also unclear whether they are differentially regulated and trafficked.
In Ndfip1 mutant brain and spinal cord extracts, total Robo1 levels are significantly
increased, however, this effect is not observed for Robo2 (Figure 3.7), indicating the
specificity of the effect of Ndfip1 on Robo1 regulation in vivo. This might suggest the
presence of specific targeting sequences on vertebrate Robo1 that are absent in vertebrate
Robo2 that can direct Ndfip-mediated ubiquitylation and degradation of Robo1 receptors. It
would be interesting to generate Robo1-Robo2 chimeric receptors via domain swapping to
identify these targeting sequences to better understand the structural and functional
differences between these vertebrate Robo receptors. For example, we could test the ability
of Ndfip to interact with and degrade these different Robo1-Robo2 receptor chimeras in
both cell lines and primary neuron cultures to identify an Ndfip-interacting domain specific
to Robo1. Interestingly, in our chick gain-of-function assays, we see a stronger ectopic
repulsive response with Robo2 misexpression than with Robo1 (Figure 2.8; Figure 6.1).
Compared to a reduction in midline crossing seen with Robo1 misexpression (Figure 2.8),
misexpressing Robo2 in chick commissural axons results in a near complete failure of
electroporated axons to cross the midline (Figure 6.1) Further, misexpressing Robo2 even
at later embryonic stages (Hamburger-Hamilton (HH) stage 15-16) results in a strong gainof-function response while Robo1 can generate a gain-of-function response only when
electroporated at an earlier stage (HH stage 14; data not shown for HH stage 15-16). This
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difference in response strength could be a result of differential receptor regulation or
distinct receptor signaling. This chick misexpression assay will be a useful tool to further
investigate these mechanisms. We can assess the gain-of-function phenotypes of our Robo1Robo2 chimeras at different stages to determine whether generating a Robo2 variant that is
sensitive to Ndfip regulation can mitigate its strong ectopic repulsive response.
Concluding remarks
Axon guidance receptor pathways are vital for proper brain development.
Dissecting how these pathways function is important for understanding the formation of
neural circuits and the intricacies of wiring specificity. Interestingly, these pathways also
have critical functions in cell fate specification, cell migration, and development in many
other tissues and organs. Furthermore, disruptions in axon guidance receptor pathways
have been implicated in many cancers; thus, a complete dissection of the regulation and
downstream signaling of these pathways will have broad significance for understanding
development and disease. This body of work represents an important step toward
understanding the molecular mechanisms that govern differential guidance receptor
regulation and signaling to gain a more comprehensive understanding of guidance receptor
function in diverse biological contexts.
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Figure 6. 1. The WIRS motifs are dispensable for vertebrate Robo2-mediated ectopic
repulsion in vivo.

(A) Schematic depicting the WIRS motifs in vertebrate Robo1 and Robo2. (B-F) Transverse
sections of HH stage 22-23 chicken spinal cords electroporated with GFP alone or together
with MYC-tagged hRobo2, hRobo1ΔWIRS1, hRobo1ΔWIRS2 or hRobo1ΔWIRS1+2 and
stained with DAPI, anti-GFP and anti-MYC. (B) Electroporation of GFP alone shows
numerous GFP-positive axons crossing the midline. (C) Electroporation of GFP together
with hRobo2-MYC shows a strong gain-of-function response with almost no GFP- or MYCpositive axons crossing the midline. (D-F) Similarly, electroporation of GFP along with
either of the three WIRS mutant forms tested shows almost no GFP- or MYC-positive axons
crossing the midline suggesting that neither WIRS motif is important for hRobo2’s ability to
induce ectopic repulsion. (G) Crossing index (signal) is the GFP or MYC fluorescence signal
in the contralateral side of the spinal cord expressed as a fraction of total GFP or MYC
fluorescence signal in the electroporated side. (H and I) Quantitation of crossing index for
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GFP and MYC signal. Data are presented as mean ± SD. Significance was assessed using oneway ANOVA with Tukey’s multiple comparisons test. Scale bar represents 100µm in B.
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